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FOREWORD 

As  required  by  contract  Hpnr-4236  (00),  this  Is  the  final  report  of 
the  program  lor  the  study  of  spectral  emissivity  of  flub  combustion 
reactions .  It  covers  the  period  1  July  1963  to  31  May  1964  and  Is  part  of 
Project  DEFENDER  under  the  joint  sponsorship  of  the  Advanced  Research  Pro¬ 
jects  Agency,  the  Office  of  Naval  Research,  and  the  Department  of  Defense. 
The  general  objective  of  this  study  is  the  investigation  of  the  factors 
that  control  the  duration,,  brightness  temperature,  and  spectral  distribu¬ 
tion  of  the  radiant  energy  produced  by  chemical  flashes. 

The  study  Is  being  carried  out  by  North  American  Aviation  as  a  joint 
program  between  the  Avionics  Department,  Los  Angeles  Division,  and  the 
Research  Department,  Rocketdyne  Division.  The  prime  Contract  is  with  the 
Los  Angeles  Division, 

The  program  contributors  are  Mr.  J.  J.  Fierro,  Mr.  J.  A.  Macken,  and 
Mr.  P.  N.  Falanos  of  the  Los  Angeles  Division  and  Dr.  J.  M.  Oeihauser  and 
Dr.  G.  R.  Schneider  of  the  Rocketdyne  Division.  Mr.  D.  Dickson  of  the; 

Los  Angeles  Division  is  the  report  editor. 
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SECTION  X 

ISTRODUCTIDH  AND  swmart 

Soon  after  the  advent  of  lasers  it  was  recognized  that  many  applica¬ 
tions  would  require'  high  energy  density  laser  devices;.  It  was  also  obvious 


that  the  purring  subsystem.  presented  one  of  the:  r.a.lcr  obstacles  in  achieving 
high  energy  density.  This  prorated  "y/LSI1  tc  errr.lcre  ch.cr.iaal  reactions 
for.  ?r;rpinr  lasers  because1  their  hi^h  crer:--.'  "entity  indicated  a  -reat 
potential  for  filling  this  need.  The.  first  crier  feasibility  of  chemical 
pumpinr  was  established  by  KM  in  Octcber  lp<>  -.hen.  a  neodymium  laser  was  sue 
cessfully  purped  by  an  aitimimm’.-oxy-geh.  flash  reaction.  Kevever,  the 
inforration-  on  basic  radiation  characteristics  that  was  needed,  to  evaluate 
the  ultimate  potential  of  chemical  pumping  v*»  net  available. 

This  study  was  initiated  to  provide  the  additional  data  required  on 
maximum  intensity,  spectral  distribution,  duration,  and  efficiency  of 
radiation  emitted  by  high  -energy  metal -oxygen  reactions  and  the  degree  '°f 
control  that  right  be  achieved  over  these  characteristics.  The  study  has 
beer,  carried  out  in  four  parts:  l)  A  detailed  theoretical  analysis  of 
candidate  reactions  to  select  these  with  r-cs.t  prc.-i.se  fro-  an  energy  per 
pound  and  intensity  standpoint;  2)  An  experimental.  investigation  of 
candidate  reactions  selected  fror.  step  1  to  measure  radiation  intensity, 
spectral  distribution,  duration  and  efficiency;  3)  A  theoretical  and 


experimental  study  of  techniques  to  control  these  with  emphasis  on  maximum 
intensity  in  the  absorption  bands  of  neodymium  and  ruby;  and;  b)  an 
analysis  of  the  inter-relationship  of  the  chemical  reaction  and  the  laser 
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system  to  fi-SxamliM  ths  potential  of  chemical  pumping  la  the  light  of 
results  from  the  shove  studies. 

In  brief,  the  study  has  shown:  (a)  several  reactions  produce  brightness 
temperatures  W  above  the  approximate  threshold  temperatures  for  neodymium 
(35009k  to  5000 °K)  and  ruby  (5200 °K)  With  a  maximum  of  6500°K  (2)  achieved; 
(b)  the  brightness,  temperatures  are  a  strong:  function  of  pressure  with 
highest  temperatures  achieved  between  2000  psi  and  50,00.0  psi;  (c)  except, 
in  the.  early  stages  of  unpressurized  reactions  Where:  line  and  band  emission 
are  present,  the  spectral  distribution  is  a  continuum,  but  not  necessarily 
a  black  body  distribution;  (d)  the  time  duration  of  the  flash  Can  be  con¬ 
trolled  to  within  1/2  to  3  milliseconds;  (e)  that  these  reactions  can  be 
effectively  used  to  pump  high  energy  density  laser  systems. 

A  computer  program,  originally  directed  towards  predicting  adiabatic 
flame  temperature  in  evaluating  rocket  propellant  performance,  was  adr.. *ed 
to  find  potentially  high  flame  temperature  chemical  reactions.  The  results: 
of  this  program  was  the  disclosure  of  several  reactions  that  proceed  at  a 
-temperature  greater  than  5500°K.  Those  reactions  that  Were  selected  for 
experimental  investigation  were  the  oxidation  of:  (i)  Aluminum,  (?)  Zir¬ 
conium,  (3)  Hafnium,  (9)  Thorium,  (5)  Beryllium,  and  (6)  Cyanogen.  The 
last  two  were  eliminated  without  testing  due  respectively  to  toxicity  and 
low  heat  of  combustion. 


(1)  Brightness  Temperature:  The  temperature  pf  &  black  body  radiator  which 
would  produce  an  equivalent  intensity  at  the  portion  of  the  spectrum 
being  observed. 

(?)  See  Section  III  for  details  of  temperature  measurement. 
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The  experimental  combustion  phase  was  aimed  at  producing  the  highest 

possible  temperature  by  varying  the  metal,  the  oxidizer,  and  the  pressure 

of  the  reaction.  It  was  found,  both  theoretically  and  experimentally,  that 

higher  temperatures  were  achieved  with  higher  pressures.  TWO  techniques 

(3) 

were  used  to  achieve  higher  pressures:  (a)  Dynamic  pressurising  of 
metal  powder  and  solid  oxidizer:  and  (b)  pre-pressurizing  metal  wool  With 
gaseou.:  oxygen.  The  results-  achieved  with  these  two  techniques,  are  snown 
graphic  lly  In  Figure  1  i  This  show 3:  that  the  pressurized  oxygen  system 
produces  brightness  temperatures  equivalent  to  those  of  dynamic  pressuriza* 
tlon,  but  at  lower  pressures.  The  highest  brightness  temperature,  $50C*K, 
was  obtained  by  the  reaction,  of  hafnium  powder  and  potassium  perchlorate 
under  a  pressure  of  approximately  40,000  psi .  However,  it  can  be  seen 
from  Figure  1  that  temperatures  greater  than  6000*K  are  achieved  at  the 
much  lower  pressure  of  1456  pal  by  pressurized  oxygen.  Some  uncertainties 
exist  in  the  value  of  maximum  brightness  temperatures  measured  at  high 
pressure  due  to  Window  clouding;  that  Occurs  during  the  high  temperature 
reaction.  Results  from  several  different  testa  have  provided  the  basis  for 
an  estimate  of  the  effect  on  light  intensity  measured  and  this  was  used  to 
determine  the  brightness  temperature  of  65009k  inside  the  chamber. 

The  spectral,  distribution  of  these  pressurized  reactions  are  essentially 
black  body  with  relatively  constant  brightness  temperatures  across  the  spect¬ 
rum  from  3660  A  to  6700  A  as  shown  in  Figure  2  .  The  extremely  high 

pressures  (20,000  to  60,000  psi)  generated  in  the  dynamic  pressurization 
chamber  was  found  to  entirely  suppress  line  and  band  emission  from  excited 
species  present  in  the  reaction  zone. 

V3)  Dynamic  Pressurization  -  Pressurization  generated  by  containment  of 

the-  chemical  reaction.  \ 
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An  Important  objective  of  the  study  vas  shaping  the  spectrum  for  more 
efficient  use  of  the  energy  for  pumping  lasers.  This  was  to  be  attested 
through  the  use  of  dopants  or  non-equilibrium  reactions*  Non-equillbriun 
radiation  was  not  observed  in  any  of  the  experiments  tried*  Dopants 
produced  some  spectral  shaping  in  the  lover  temperature  reactions 
(below  kOOO^K)  cut  -re  dually  faded  in  to  continuum  black  body  radiation  aft 
Hie-  pressure  v*  he’-p’-r-itnre  increased. 

Studies-  of  ■  ?nprsS-'"':ri:’oi  't?i~  '■‘tidtscr  tests  were  conducted  to 
determine  the  basic  par  armors  cor.trollia-  'reccral  distribution,  of  the. 
radiated  and  to-  determine  tie  effect  of  dopants  oft,  the  basic,, 

reactions:.  A  series  of  basic  react ions,  ir.cludifrr  Zr  ♦  KCIQ^,  ftf  *  'KCIO.  , 
Th  ♦  KCIO^,  A2  t  KCIO^a  Her  4-  A1  ♦  I'ClOj.  aftd  ♦  *1  ♦  I’a  CIO^,  were 
studied  intensively.  The.  spectra,  of  these  react io-s  (.Appendix  II)  chow 
that  major  emission  is  continuum,  characteristic;  of  condensed  species 
present  in  the  flame*  with  line  and.  band  'emission  from  vaporised  oxide 
and  metal  species  observable  above  the  continuum,  bach;round.  An  .Al  ♦  KClOjj 
time  resolved  spectrum  is  shown  in.  F.lruros.  .3  &■  A*.  The.  brightness: 
temperatures  observed  were  'considerably  below  the  adiabatic  flare-  tenpera- 
.tures,  iniicatinm  frit  icsivitle;  were  lev  .Xd  that  consider  able  -cooling 
was  taking  place,  ti  e-  cooling  effect  is  also-  Indicated  by  the  strong  line 
reversal  ctscrvei  in  the  Sodium.,  and  potassium  doublets. 

Addition  of  dopants'  (salts,  metals,  and  phosphors)  produced  no 

.  ’  e 

evidence  of  ror-ccuilibrium  radiation  in  the  JbOO  A  to  67OO  A  interval. 

A 

If  non -equil ib  r  ium  -radiation  was  present,  it  could  have  escaped  detection 
if  it  occurred  in  pulses  much  less  than  the  2  millisecond  per  frame, 
exposure  time  used  In  taking  the  time  resolved  spectra,,,  or  if  the  emisolvity 
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of  the  non-equilibrium  radiation  was  low* 

Many  of  the  additives  tested  with  A1  ♦  KCIO^  formed  radiative  gaseous 
species  that  served  to  increase  the  energy  radiated  in  certain  spectral 
regions  to  levels  achieved  core  slowly  by  the  continuum?  often  these 
species  would  appear  ii.  absorption  later  in  the  flash*.  Xn  Figure  5 
for  oxp.rple,  'brightness  herrerat-UPe;  vs*  vavelerrth  plots  are  given  for  a, 
flush  at  ?  to-  k  -sec*  (er-.rl’-  ir.  the  flash!  and  at  IWlo  croc,,  (lute)*.  'The 
BaCl  band  appears  first  in  er  issien,.  than  in  ab  serf  tier*  Thus,  If  the- 
radiation  is  repaired  slickly  or  the  continuum  -erissivity  is  low.,,  dopants 
will  prove  useful  for  "spectral  shaping"* 

Reaction  duration  has  beer,  observed  to  vary  free  0.1  riilisecenis  to 
over  100  ril3isecor.es*  rowever,  flash  duration?  from  l/2  to  3  milli¬ 
seconds  are  quite  feasible,  several  v  .riabl.es.  have  beer,  found  to  decrease 
reaction  duration.  These  include  prqs.siari3a.tion>  finer  particle  size, 
excess  oxidizer,  and,  increased  packing -density,.  Typical  light  pulses  -r 
the  several,  reaction,  studies'  are  shewn  in  Figure  6  * 

The  efficiency  of  conversion  of  chemical  energy  to  radiated  energy 
was  determined  to  be  2??>  for  mixtures  of  alur  tnum  and  gaseous  oxygen  at 
one  at-osphere  pressure,  while  zirconium.  and  oxygen.  converts,  about  40$  of 
its  finery  into  radiation.  This  ar.our.ts  to  'rout  1*6  rill  ion  joules:  of 
radiated  enerry  per  pound  of  zirconium -oxygen  mixture  and  1*9  million 
Joules  radiated  per  pound  of  alu.-inicr  and  oxygen*  The  brightness  tempera¬ 
ture  for  these  reactions  is  about  U000°K  for  the  zirconium  and  3800°K  for 
the  alur.inur.*  Increasing  the  brightness  ter-perature  by  pressurizing  the 
reaction  is  usually  accompanied  by  a  decrease  in  radiation  efficiency  to 
less  than  10*. 
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Mg  +  A/+  Ba  (C/03)2  1  ATM 


Zr  +  02  625  PSI 

Figure  6.  Typical  Intensity  Per  Time  Pulse 
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The  temperatures  being  produced  are  adequate  to  puqp  both  ruby  and 
neodymium  lasers,  for  light  veight  high  energy  laser  systems,  several 
approaches  appear  Interesting,  but  the  one  that  offers  the  most  promise 
is  a  neodymium  oscillator  amplifier  with  the  amplifier  pumped  by  unpressur- 
ized  chemical  reactions  at  kkOO  K.  The  oscillator  can  be  purped  by  higher 
temperature  pressurized  oxyren  reactions.  This  system  offers  'high  conversion 


sf  ^1''^  crc^' 

•  front  chemical 

energy  to  radiatior 

1  and  or 

erat.es  In  th< 

:  most 

efficient 

spectral 

re -ion 

for  "Q.c'r-ri'jr..,.  .A3 

.S;p,,  it 

avoid  3  pons.il; 

:le  veir 

penalties 

Caused  by 

upised  reaction  chambers,* 

While  neOSyrixT!  laser  rods  can  be  purred  by  sore  cf  the  un.pressurincd 
reactions  It,  Is  necessary  to  achieve  a.  higher  pumping  intensity  to  pump 
ruby  because  threshold  pur.pir..'  temperature  is--  •’bout  5250°K.  To  pump  ruby 
there  appears  to  be  three  possible  approaches: 

(1)  Increase  the  ter:peratvre  of  the  reaction,  through.  pres sr-isatipn* 
Zirconium  and  hafnium  reactions  ban  produce  tetyeratures  signi¬ 
ficantly  above  the.  thrchold  temperature* 

(2)  Increase  the  intensity  on  the:  laser  by  cladding  the  rod. 

An. intensity'  increase  cf  up  to  a  factor  of  three  can  be 
achieved  by  proper  Gladding,. 

(3)  Provilc  or.  extern -.1  fluorescent  device  to  increase  the  bright¬ 
ness  ■temperature  ir.  the  pippin  •:  bands.  Such  a  device,  can 
increase  the  intensity  of  the  useful  parts  of  the  spectrum 

by  greater  than  a  factor  of  10. 

Combinations  of  these  methods  fpr  increasing  the  intensity  also 


appears  feasible. 
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The  experimental  studie$  performed  during  the  past  year  have  served 
to  delineate  the  expected  operation  of  relatively  simple  chemical  light 
sources*  The  characteristics  and  potential  of  the  most  promising 
reactions  are  veil  understood*  The  immediate  future  effort  Should  toe 
directed  towards  system  applications  and  improvements* 

It  is  rccorrcnded  that  the:  scope  of  the  study  contract  be  extended  to 
include  exploration  Of  four  areas s  1 )  basic  laser  system  performance  using 
a  chemically  pumped  cavity;  2)  oscillator  .<•■  amplifier  laser  system; 

2)  laser  Cladding;  and  h)  fluorescent  conversion.  The  object  of  the  first 
area  Is:  to;  1)  explore  system  problems1  and  develop  techniques  and  criteria 
of  system  design;  2)  determine  performance,  particularly  total  system 
efficiency;:  and.  3)  optimise  the  design  parameters  through  experiment.  The 
objectives  of  the.  other  three  study  areas  "  a  primarily  to-  inbrove 
efficiency  and  reduce  overall  system  weight.  Uupressuriced  reactions  can. 
be  used  to  pump  neodymium  laser  amplifiers  quite  efficiently  and  at  very 
himh  er.ergy-to-veinht  ratios.  Cladding'  the  laser  rod  will  increase  the 
light  i> '.tensity  seen  by  the  laser:,  thus  increasing  laser1  output  and. 
efficiency.  .Also,  it  appears  that  she  proper  application  of  fluorescent 
Converters  couM  fur*.- or  iucre-.rc  efficiency  tr.d  decrease  ve$ght..  This  is 
expected  to  !e_d  to  arc  fir.-;  practical  portable,  bird  erer.*y  density  laser 
system. 
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Section  xi 

METAL  BtJRNINQ  MECHANISM  STOVEI 

Metal  burningr  has  been  used  for  quite  some  tire  as  a  means  of  producing 
high  luminosity  flashes.  Many  metal  oxidations,  are  suited  for  this  role 
as  light,  sources  by  virtue  of  the  high  flame  temperatures-,,  the  availability 
at  the  boiling  print  of  the  oxide  of  most  of  the.  chemical  energy  released, 
and  the  high  emissivities  of  the  burning  mctal-netal  oxide  particles. 

Much  of  the  recent  literature  on  metal  oxidation  has  been  devoted  to 
the  details  of  the  over-all  physical  processes  involved.  The  reason  for  this 
interest  is,  of  course,  due  to  the  use  of  metal  powders:  in  solid  propellant 
formulations.  There  appears  to  be  little  controversy  about  the  steps 
involved  in  the  combustion  processes  of  different  metals.  The  observed 
behavior  of  the  oxidation  is  correlated  fairly  well  with  the  physical 
properties  Of  the  metal  and  its  oxide ,  Pertinent  physical  properties  are 
the  size  of  the  particle,  the  Volatility  of  the  metal  relative  to  the  oxide, 
and  the  solubility  of  the  oxide  in  the-  metal,  then  the  metal  boils  at  a: 
lovrer  temperature  than  the  oxide,  the  reaction  is  Observed  to  take  place 
in  the  vapor  phase  (e.g. ,  Kg,  Li,  Ca,  K,  !va).  The  diffusion  flame  surround¬ 
ing  the  particle  feeds  heat  back  to  the  particle  to  keep  the  metal  boiling 
and  diffusing  into  the  reaction  zt  With  less  volatile  metals,  such  as 
Zr,  Ti,  Be  end  Al  the  metal  oxides  are  formed  on  or  very  near  the  surface 
of  the  metal  particle.  A  deposit  of  the  metal  oxide  forms  around  the 

particle  and,  depending  on  the  rate  of  heat  loss  from  this  object,  it 
can  (a)  shatter  Into  smaller  burning  droplets  from  the  pressure  generated 

by  the  boiling  §et*l  interior,  (b)  burn  alcwly  as 
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oxygen  diffuses  in  or  metal  vapor  diffuses  out  of  the  liquid  oxide  layer, 
or  (e)  extinguish  if  heat  losses  cause  the  metal  oxide  film  to  solidify 
and  reduce  oxygen  and  metal  diffusion  rates* 

Metals  Such  as  Si  and  3  have  oxides  that  toil  at  temperatures  lower  the 
the  motel  toiling  points,  a  fed  one'  vcvT?  expect  no  oxide  film,  over  the  parti¬ 
cle,*.  '  .Blether  the  metal  eva:  cr  it  ion  cr  r.rveji  diffusion  would  limit  the  com* 
tiu-iicn  process  would  defend  on  the  surface  temperature  of  the  exposed 
netal. 

Fassel,  Fepp,  Mlidenbrand  and  Serr.ka  (1)  have  examined  the  ccmtustion 
of  metal  powders,  paying  particular  attention  to  the  Al-Vg  alloys  with 
Slight  additions  (2«)  of  Li,  Ti,  3,  7,  Zr,  Mo,  Cr,.  'Mi,  and  Mm.  The 
additives  were  observed  to  decrease  the  burning,  rate  of  the  Al-Mg  alloys! 
by  about  a  factor  of  six.  The  particles  were  burnt  in  a  natural  gas  torch 
and  solid  combustion  products  were  trapped  for  analysis,  ’’any  of  the  large 
oxide  particles  were  found  to  be  hollow  shells  of  oxide  sometimes  contain* 
ing  a  smaller  spherical  droplet  of  the  metal  alloy.  Based  on  their  results,, 
the  authors  have  proposed  a  model  for  the  combustion  process  that  is  quite 
similar  to  that  presented  above, 

Gordon  (2)  reported  studies  being  Conducted  on  burning  metals,  alleys, 
metal  hydrides ,  carbides,  nitrides  and  borides.  The  particles  were  carried 
in  an  oxygen  stream  using  an  annular  natural  gas  -  air  pilot  flame  for 
ignition.  Streak  photos  taken  of  single  burning  particles  were  used  to 
determine  burning  rates,  ignitefcility  and  the  physical  processes  of 
importance,.  Nebulous  streaks  and  high  burning  rates  were  taken  as  evidence 
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of  a  diffusion  flans  (e.g.,  Hgf and  CaHgJ  whlls  sharply  defined 
streaks  of  considerable  length  indicated  surface  burning  (e.g.,  Ti,  Zr, 

TIC,  TlAl,.  TiBg  and  ZrN).  Components  of  allots  having;  widely  different 
volatilities  were  found  to  bum  serially  -  the  most  volatile  being  dis¬ 
tilled  off  first  and  burned  (e.g,,  Li/JLR  --  hydrogen  first.,  then  Li  leaving 
ths  burning  *1  r article  behind.)..  The  size  cf  the  particles  burnt  by 
G'erdcn  ranged  around  111  microns-, 

Boren  combustion  was  studied  by  Talley  (3).  This  metal  Is  of  interest 
here,  because  its  oxide  boils  at  a  lever  temperature  than  the  ne-tal.  Inter¬ 
preting  the  data  obtained  from;  burning  boron  rods  in:  oxygen,  Talley  defines 
two  possible  rate,  limiting  steps  at  temperatures  above  the  ignition  point* 
evaporation  rate  of  at  2D0CcK  and  diffusion  of  0^  through  E?0^  Vapor 

to  the  B  surface,  St  7  •  2li60°K,  These  results  again  fit  into  the  mechanism 
initially  outlined. 

Wood  (It)  has:  taken  photos  of  burning  metal  particles  in  O.h  mm  x  $  mm 
ribbons  of  solid  propellant.  His  observations  are  that  Zr  and  Si  do  not 
burn  with  diffusion  flares  while  A1  and  "g  do.  The  burning  A1  a -id  ;> 
particles  ware  sometimes  seen  to  terminate  in  a  flesh  or  burst,  suggesting 
that  a  boiling  metal  surrounded  by  an  oxide  coating  is  not  always  needed 
for  droplet  shattering, 

!'etal  combustion  processes  have  been  analyzed  using  spectroscopic 
techniques  by  3rzustcwt,ki  end  Classman  (if).  Spectra  were  taken  of  burning 
magnesium  ribbons  at  low  pressures  in  various  oxidizing  media  and  of 
burning  Al  and  Zr  foils  in  commercial  flashbulbs  containing  02»  The  spectra 
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of  Mg  combustion  taken  as  a  function  of  pressure  clearly  indicated  the 
MgO  vapor  exists  at  the  highest  temperature  of  the  system.  Higher  pressures 
led  to  increased  MgC  condensation  in  the  neighborhood  of  the  high  temperature 
reaction  zone,  and  thus  a  rise,  in  intensity  of  continuum  radiation.  This 
is  in,  agreement  with  the  wtrh  of  Coffin  (6)  who  burnt  ribbons  in  various 
gas  compositions.  The  flame  around  the  ribbon  was,  noted  to  have  a  definite 
structure 5  the  light  inters  iv^i"  «■•<!  t.ei'yu*  st  a  short  distance  from  the 
ribbon,  suggesting  reaction  in  tne  vapor  phase,.  The  flash,  reactions  of  Al, 
investigated,  by  Brzusfcowski  and  C-lass-ran  using,  time  resolution  spectroscopy, 
showed  the  presence  of  AlC,  Al  and  a  ccnt.iriirir.  attributed  to  solid  AlgQj. 

The  lines  of  Al,  appear  in  emission  early  in  the  flash  and  in,  about  5  milli¬ 
seconds  reverse  tn  the  increasing  continuum  intensity.  Al?  bands  appear 
early  end  at  peak  flash  intensity  are  seen  to  merge  with  the  continuum.. 

Tear  the  end  of  the  flash  the,  bands;  of  AlC  and,  Al  are'  again  .aeon  in  emission,. 
The  Zr  foil  flash  shews  Zr  and  ZrC  lines  in  emission  throughout  the  reaction, 
cizustowski  and  Class '■an  state  that  Z.r,.  .ZrO,,  and  AlC  always  appear  in'  emis¬ 
sion  because  they  exist  near  the  peak  flame1  temperature,  as  decomposition 
products  of  Al.^C;  and  ZrC^..  Aft  'analysis  of  the  combust  ipr.  products,  shows 
much  of  the  Al-C-  to  be  about  m  micrc ns  in,  size  while-  the  ZrCg  consists  of 
spherical  particles  ranging  from  1?  to  700  microns.  Because  of  the  particle 
sizos  in  the  oxide  residue,  the  authors  are  of  the  opinion  that  Al  burnt  in 
the  vapor  phase  while  Zr  burnt  on  the  surface  of  the  particles.  Referencs 
is  made  to  unpublished  data  of  Ratenberg  and  Johnson  (G.E.,  Company)  consist¬ 
ing  of  Fastax  moving  pictures  of  the  flash.  Trie  movies,  according  to  tha 
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authors,,  clearly  shows  particle  burning  of  Zr  and  a  nearly  homogeneous 
volume  of  light  for  the  A1  flash  bulb. 

Using  photographic  photometry  Markstein  (7)  measured  reaction  rates 
in  diffusion  flames  of  magnesium.  The  data  are  reported  to  favor  a  first 
order  rate-  e..  reasion  independent  of  Cg  concentration.  Spectra  taken  of 
the  luminescence  of  ’rowing  :  O'  deposits  and  of  the  flame  showed  a  Similar 
vlue  continuum  et  low  .pressures.  'This  inf o  rmn  ticn  coupled  with  a  study  of 
possible  homogeneous.  kinetlr  mechanisms  producing  l-'gi  has  lead  Markstein, 
to  suggest  the  possibility  of  a  Heterogeneous  reaction,  on  the  surface  of 
the  KgO  particles. 

Aluminum  particle  burning  studies  h..ve  been  published  recently  by 
Friedman  and  Macek  (8,  9) .  It  was  found  that  aluminum  particles  injected 
into  a  hydrocarbon  fleme  would  ignite  at  temperatures  corresponding  to 
the  melting'  point  of  the'  oxide..  Further  experiments  In  which  the  alum.1'  i. .. 
was  ignited  as.d  burnt  using  CO-Co-'1^  flames,  lead  to  the  conclusion  that, 
there  are  distinct  effects  of  HgO  on  the  metal  combustion.  Significant 
amounts  of  HgG  are  stated  to  impede  the  process  by  some  unknown  means.. 

I.  G. assuan  (9)  has  taken  issue  with  Friedman  and  Macek  concerning  any 
effect  of  HgC  on  the  metal  burning  process.  More  recently^  Meefek,  Friedman 
and  Semple  (10)  have  used  a  similar  technique  to  study  beiyilium  burning 
and  to  verify  the  fact  that  HpC  does  affect  aluminum  burning.  The  fact 
that  Be  boils  at  a  temperature  slightly  lower  than  the  melting  point  of 
the  oxide  makes  the  determination  of  tun  ignition  point  somewhat  tricky. 

For  many  pears  A.  V.  Grosse  of  Temple  University  has  been  investigating 
means  of  producing  high  tempers tore  with  chemical  reactions.  A  great  deal 
of  this  work  dealt  with  metal  burning.  Most  of  the  metal  burning  effort  by 
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A.  V.  Grosso  and  hla  co-workers  has  been  summarized  in  a  recent  report  hjr 
Grosse  and  Conway  (11) ' ,.  Some  thermodynamic  data  on  metals  and  their 
oxides  are  presented,  alone  with  a  list  of  adiabatic  combustion  tempera¬ 
tures  computed  for  many  metals.  Although  the  rare  earths  were  ignored  in 
this  compilation  (undoubtedly  because  of  a  lack  of  thermodynamic  data  on 
them):,,:  their  position,  ir;  the  periodic  table  suggests  they  might  hold 
promise  as  a  means' of  ;  reducing  high  temperature.,  fhe  list  indicates,  the 
letais  p reducing  the.  highest  temperatures  would  -be  la,  Th.,  Hf,  AX,  and  Be. 
The:  flare  temperature  Is  reported  as  effectly  limited  by  the  boiling  point 
of  the  metal  oxide;  thus,  increasing  the  total  pressure  on  the  s;atem 
should  lead'  to  higher  flare  temperatures,  Grcsse  and  Conway  state  that 
combustion  of  Al  at  JO  atm:,  will  produce  a  temperature  of  WiOO°K  compared, 
to  5800%  at  1  ntm,  Also  presented  in  this  work  were  some  descriptions 
of  metal  powder  -  oxygen  torch*:-.. 

A  paper  by  Boyle,  Convey ,  and  Grosse  (12)  describes  some  special 
techniques  used  in  stabilizing  a  Zr  -  Og  flame.  A  temperature  of  1930 °K 
is  calculated  for  the  flame,  but  no  actual  experimental  measurements  of 
flame  temperature  are  reported.  The  luminosity  of  a  burner  consuming, 

248  gr  Zr/min  and  90  liters  Cp/nih  is  reportedly  about  200,000  candle 
power. 

A  report  by  Crosse's  group  suttnexizing  work  done  on  powdered  metal 
flames  up  to  1953  gives  detailed  information  on  powdered  metal  torches 
and  reports  a  temperature  of  228C°C  for  the  aluminum  -  Og  flame  determined 
by  an  optical  pyrometer  (14) .  Conway  and  Crosse  have  written  a  final 
report  (13)  on  the  work  funded  by  CKR  up  to  1954.  Some  of  this  material 
has  been:  covered  in  enother  paper  (12). 
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Another  report  from  Temple  University  by  Grosse  and  Stokes  (15) 
dvells  briefly  on  the  combustion  of  beryllium  povder  ,(•200  mesh)  In 
oxygen.  The  metal  is  reported  to  be  more  difficult  to  Ignite  than 
aluminum  povder,  presumably  because  of  its  higher  melting  point  and  lover 
vapor  pressure.  The  Be  torch  vas  Ignited  from  an  acetylene  pilot  flame 
when  a  hydrogen  pilot  proved  Insufficient.  No  measurements  of  the  3e-02 
flame  temperature  were  made,  bum  a  rough  estimate  by  Greece  and  StokeS 
indicates'  ft  may  be  -about  i500°K. 

The  combustion  of  Ti  and  Zr  vires  vas  studied  by  Herr is on  (16,1?). 

The  results  indicated  no  substantial  vaporization  of  the  metal  takes  place- 
combustior.  takes  -place  at  the  surface  of  the  metal  liquid.  Combustion  of 
the  zirconium  vire  in  gases  containing  less  than  fO.f  02  vas  eventually 
quenched  by  a  thick  ZxC2  layer  that  hindered  diffusion  of  02:  to  the  metal 
surface.  This-  experiment  illustrates  the  importance  o"  physical  properties 
of  the  material  in  controlling  burning  rates.  The  results  are  probably 
only  Of  very  limited  applicability  to  particle  burning.,  since  the  rate 
limiting  physical  processes  vill  undoubtedly  change. 

Relatively  little  published  verb,  is  available  on  metal -oxygen 
reactions  as  light  sources  ard  vhr.t  is  'available  is  confined  primarily 
to  Al-C-2  reactions,  gbme  lata  on.  Zr- 02-  flasklorepS  is  presented  in  a 
report  already  discussed  (5) . 

Although  earlier  work  by  Brockman  (15)  cn  commercial  A1  photo flash 
lamps  vas  interpreted  es  indicating  most  of  the  radiation  vas  emitted 
from  incandescent  gases  and  3*  of  the  total  light  output  over  tfce  range 
from  300 0  A  to  7C00  A  ca-.e  from  excited  AID,  a  more  recent  investigation 
by  Rautenberg  and  Johnson  (19)  haa  shewn  the  radiation  to  be  primarily 
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from  AI2P3  solid  and  the  AlO  to  be  thermally  excited.  Rautenberg  end 
Johnson  also  attempted  to  measure  brightness  temperatures  of  the  reaction 
In  various  G.2.  photo flash  lamps.  The  temperatures  were  close  to  3800°K, 
suggesting  a  temperature  limited  by  the  boiling  point  of  AlgQj* 

A  number  of  reports  on  photoflash  lamps  have  been  written  by  G.K. 

(e.g. ,  30)  and  by  other  lamp  manufacturers  but  are  not  available  because 
they:  contain  proprietary  information. 

Pri  P'ttne-Bs  temperature  "veil  above  ;.‘3C.‘  were  reported  as  being, 
reached  in  certain  regions  of  the  flash  of  experimental  conical  burster 
'X86£f  elumihum  metal  dust  photoflash  r  -~b.s-'  curing  the  first  2  milliseconds... 
Iter  peratures  of  other  photoflash  bombs  were  a' so  measured,  The  method  used 
involved  high,  speed  photographic  pyrene try  with  a  claimed  accuracy  of 

25°K  (21) t 

Eppig  and  Hart  (22)  reported  measurements  on  spectra  of  Mg  and  Vp-At 
alloy  flash  bombs.  The  emitters  were  identified  as  oxide  bands  and  solid 
particles.  A  temperature  of  3"C0oK  was  reported  for  the  continuum  by  a 
black  body  curve  fitting  technique  of  questionable  applicability. 

The  optimum  ratios  of  Al,  r'ClPu,  for  majcimtsm  light  output 

were  investigated  by  Earner  and  found  to  be  3C^,  30#  respectively  (23). 
This  phono  flash  Composition  is  apparently  a  standard  one  for  the  military-.. 
Some  tests  on  the  Zr/KCIOa  system  showed  the  72$  Zr  +  23)6  KClOU  mixture  to 
be  the  most  efficient  zirconium  containing,  system  (25). 

In  other  studies  carried  out  at  Pi cat! nay  data  were  gathered  on  the 
behavior  of  flash  bombs  at  high  altitudes  (2^,25) .  High  altitude  in 
general  Increases-  burning  time,  decreases  light  output  (with  some  excep¬ 
tions)  and  causes  more  ignition  difficulties. 
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Several  of  the  flash  compositions  investigated  underwent  only  a  alight 
decrease  In  light  output  in  going  from  aea  level  to  100,000  feet. 

The:  effect  of  particle  size  on  the  performance  characteristics  of  a 
10^  Al,  6c£  KCIO4  flash  composition  lias  been  examined  (26) .  The  coo- 
elusions  ■Sere-  that  the  larger  sizes  degraded  the  light  output;  a  particle 
size  less  than  roughly  17 vas  suggested  for  good  performance . 

Some  of  the:  work  performed  on  colored  pyrotechnic-  composition-  by 
Mwrftl  '(.27)  might  -e  applicable  to  the  present  dopant  study...  Tests  were 
made  with,  tellurium  arid  thallium  additives  ifi  a  search  for  a  green  light. 
,'iTeither  of  the  two  was  satisfactory*  In  further  tests  the  test  green 
radiator  vas  found  to  be  BaCl. 

Hershkovttz,  S charts,  and  Eauitan  (78)  have  performed  various 
measurements  on  Al/KClii*  burning.  They  .-eported  the  existence  of  tvo 
burning  velocities  and.  presented  a  possible  interpretation  of  this  result. 
Using  photographic  techniques,  a  temperature  &f  35® 0'°K  vas  reported  for 
the  continuum. 

A  rccert  report  by  Edse,  Rao,  Strauss,,  and  Micke.1  son  (29)  has 
described,  the  construction  of  an  Al  -  ,0g  flame  apparatus  and  an  investiga¬ 
tion  of  the  "se fulness  of  the  metal -oxygen  fla-se  as  a  spectroscopic  source 
The  relative  intensity  of  the  AI-0g:  flame  is  reported  to  compare  quite 
favorably  with  that  of  the  carbon  arc. 

High  temperature  flames  ern,  of  course,  result  from  the  combustion  of 
nonmetal  fuels.  Tie  flame  temperatures-  in  homogeneous  systems  vill  be 
limited  by  the  dissociation  of  the  combustion  products.  There  is  no  large 
amount  of  energy  available  at  aqy  single,  temperature  as  is  found,  for 
instance,  at  the  boiling  point  of  t  ..  metal  oxide  in  metal-oxygen  systems. 
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A  suntafy  of  the  work  carried  out  at  Waple  University  over  a  tea  year 
period  (1$)  Includes  a  large  amount  of  work  on  cyanogen  (6^2)  and  other 
related1  compounds  of  the  Carbon,  nitrogen;,  and  oxygen  system.  The  fallowing 
calculated  flame  temperatures  have  been  reported  for  C2N2  in  1:1  hole  ratioc . 


1  atm 

2 

5 


10 


U635  *  50°K 

4900 

490.5' 

3015 

5050 


Cor, way,  Smith,  Liddell,  and  Crosse  (jO)  reported  burning  preraixed 
Cgl’o  and  0 p.  at  100  psia  using  a  slight  preheat  to:  a  'old  condensation. 

/  few  compounds  of  the  K:C.(C:0)n  C:N  scries  have  been  produced  and 
burnt  in  O2:  the.  flame  temperatures  reported,  however,  were  calculated, 
not  measured,  but  should  be  fairly  accurate. 


1  atm 

10  atm 

to, 82  atm  (600  psi) 

(Ck^gas  -»  202  4C0  ►  N2 

5261 

5573 

5743 

(CtTIoJgc  s  +  V3O3  -^4C0  +  N2 

5516 

5936 

6100 

The  combustion  of  in  N0;  was  reported  as  being  capable  of  pro¬ 


ducing  higher  flame  temperatures  than  Cgftg  with  o2  (-365  ea  compared  with 


t835°K) . 


Some  flame  temperatures  have  also  been  calculated  from  experiments  on 
hydrogen  cyanide  -  fluorine  -  oxygen  flames  by  Crosse  and  Cc-vorhers  (15)* 
The  reaction  stoichiometry  2HCN  +  Fg  *■  — **»■  2HF  ♦  2 CO  ♦  Kg  was  found: 
to  be  correct  and.  the  theoretical  flame  te-iperatures  were  calculated  to  be 
3950%  at  1  atm,  WKX7°K  at  10  atm,  and  *960%  at.  100  atm.  Recently  * 


23 


NORTH  AMERICAN  AVIATION,  INC.  /  IOS  ANOILII  RIVIIIOR 


*A-M-606 


brief  summary  of  the:  high  temperature  research  work  carried  out  by  Orosse 
and  co-vorkers  has  been  published  in  "Science"  (31) • 
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Section  m 
combustioi  srosxas 

IMTOOPUCTIO* 

This  section  is  divided  into  three  major  areas,  corresponding  to 
the  objectives  of  the  contract:.  (1)  Analytical  Selection  of  Reactions; 
(.-)  Experimental  Combustion  Studies;  and  (3)  Effects  of  Additives. 
Promising  reactions  selected  from  the  analytical  study  were  explored 
experimentally  to  obtain  the  highest,  possible  temperature.  The  experi¬ 
mental  study  began  with  check-out  of  the  test  apparatus .  Analytical 
studies  revealed  that  pressure  had  a  significant  effect  on  temperature. 
Therefore,  the  reactions  were  tested  as  follows:  (1)  unpressurized, 
using  solid  oxidizer;  (2)  medium  pressures,  to  2000  psl;  and  (3)  high 
pressures  to  60,000  psl,  In  addition.,  experiments  Were  performed  with 
exploding  wires  to  attain  higher  temperature  and  a  specie!  study  was 
made  to  measure  emissivity  and  true  temperatures:.  The  characteristics 
of  these  reactions,  such  as  temperature,  spectral  distribution  and 
duration  for  the  various  conditions  are  tabulated  for  comparison  at  the 
end  of  the  experimental  combustion  discussion.  The  additives  study  vs* 
also  divided  into  theoretical  and  experimental  phases.  The  theoretical 
study  was  designed  to  select  additives  that  vere  most  likely  to  produce 
non-equilibrium  radiation.  The  effects  of  these  additives  on  a  basic 
reaction  were  then  investigated  in  the  experimental  phase. • 

ANALYTICAL  SELECTION  OF  REACTIONS 

To  serve  as  a  guide  for  choice  of  high  temperature  reactions,,  a 
theoretical  adiabatic  flame  temperature  calculation  was  mads  for  several 
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reactions.  The  highest  temperature  reaction*  were  selected  for  expsil- 
Motel  study  under  various  conditions  • 

An  adiabatic  flame  temperature  is  the  temperature  that  a  system  would 
reach  at  a  specified  pressure  when  there  is  no  energy  loss  to  the  surround¬ 
ings  and  the  system  has  come  to  equilibrium.  The  calculations  require  the 
solution  of  the  Set  of  coupled  equations  for  mass  balance,  and  the  mini¬ 
mization  of  free  energy.  Tne  model  used  thus  ignores  chemical  kinetics, 
transport  properties.,  and  environmental  .effects*.  The.  calculations  are 
quite  standard  and  are  programmed  for  machine  Computation. 

In  the  calculation  of  equilibrium,  a  table  of  compounds  is  searched 
and  the  thermodynamically  preferred  compounds  are  used  for  the  solution. 

It  should  be  noted  that  the  compounds  used  in  the  solution  Include  a 
number  Of  highly  energetic  compounds  (such  as  the  gaseous  oxide)  thst 
act  as  heat  sinks  and  limit  the  upper  temperature .  Thus  the  statement 
is  often,  made,  legitimately,  that  the  boiling  point  of  the  Oxide  is  the 
flams  temperature . 


From  the  heat  of  formation  of  the  oxides,  the  metals  that  should 


give  the  highest  temperatures  are  thorium,  hafnium,  zirconium,,  beryllium, 
arid  aluminum.  The  rare  earths  do  not  huve  accurately  known-  heats  of 
formation,  but  are  expected  to  have  high  flame  temperatures.  Some  of  the 
adiabatic  flame  temperatures  are  shewn  in  Figure  7  •  (The  thermochemical 
data  are  from  the  JANA F  tables.)  The  data  for  thorium,  potassium,  and 
the  rare  earths  are  not  incorporated  in  the  thermochemical  data  u  ed  and 
therefore  can  not  be  included.  (For  potassium,  the  nearly  equivalent 
sodium  is  used.) 


ka-&~6o6 
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On*  of  thm  variables  encountered  la  tba  stoichiometry  ratio*  Aa 
Doted  la  Figure  8  ,  the  stoichiometric  point  (the  stoichiometry  ratio 
is  one)  yields  temperature  close  to  the  maximum,  thus.  In  Figure  7 
the  stolchloeetrlc  point  is  used  in  the  calculations « 

F&'FFi'.sr'vr.'jj  c&wsiie?. 

System  Apparatus  Checkout 

To  facilitate  checkout  of  equipment,  it  was  decided  to  search  for  a 
basic  reaction  which  was  easy  to  handle  and  gave  reproducible  flashes . 
After  cheeking  several  possible  reaction  mixtures,  it  vas  found  that  a 
mixture  of  l/5  magnesium,  1/5  aluminum,  and  3/5  sodium  chlorate  gave  the 
desired  results.  This  mixture  was  stable  for  long  periods,  easy  to 
ignite,  burned  in  less  than  ten  milliseconds,  and  produced  brightness 
temperatures  close  to  the  calibration  temperatures  used1.  Also,  even 
after  long  storage ,  the  intensity  varied  by  less  than  five  per  cent  from 
shot  to  shot. 

To  record  short  pulses,  a  Tektronix  535  oscilloscope  was  found 
suitable  when  equipped  with  A  Polaroid  oscilloscope  camera.  If  necessary, 
two  C'-'onnels  could  be  recorded  si-cv" tankers!”.  Triggering;  was  accom¬ 
plished  by  adji’rting  the  scope  to  trigger  off  the  ignitor  spike  which 
occurs  just  before  the  chemical  flash. 

An  intensive  experioer.tr!  study  of  possible  errors  was  conducted 
with  the  basic  reaction  mixture.  From  this  study,  several  sources  of 
extraneous  signals  were  found  and  eliminated.  *d.r-t,  extensive  masking 


28 


MOICM  AVUTIOH.  INC  /  lit  AMIKt  tlVISIM 


RA-6^-606 


of  the  react  loo  chamber  wi  necessary  because  of  the  formatloa  of  a 
large  luolooua  cloud  above  the  atmospheric  chamber  during  firing *  Second, 
large  Signals  from  the  room  lights  necessitated  operation  In  the  dark. 
Third,  various  signals  were  picked  up  from  electrical  equipment  in  opera¬ 
tion  in  other  areas  of  the  3  aboratory  if  the  output  cables  from  the 
sensors  were  not  veil  shielded.  Fourth,  the  recording  equipment  was 
sensitive  to  shock  waves  produced,  by  the  faster  flashes. 

t”r?K2F.CUKIJ!F2  CKEJCAL  RFAfTTOK  E>5tRIKEHTS 

After  the  preliminary  -tperiments  were  completed  and  the  system  was 
completely  checked  out,  an  intensive  study  of  brightness  temperature 
variations  with  wavelength  v.jj  undertaken,  Several  solid,  oxidizer  metal 
mixtures  were  examined  including: 

Mg  +  A1  +  Ba  (C103)g 

Jig  ♦  A1  +  KClOfc 

Zt  +  KCIO^ 

Hf  +  KCIO^. 

These  reactions  were  performed  in  the  atmospheric  pressure  chamber 
shown  in  Appendix  I.  intensity  measuiv-nents  were  mode  from  ^5  00 A  to 
11,000A  with  the  phototube  sersor  unit  described  in  Appendix  I.  The  spectra 
(see  Appendix  II )  obtained  were  relatively  flat  across  the  spectral  region 
studied  but  large  brightness  temperature  variations  occurred  in  the  visible 
region.  A  topical  example,  magnesium  +  aluminum  +  potassium  perchlorate, 

1|;  shown  in  Figure  9  •  Because  the  phototube  sensor  unit  was  inherently 
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limited  to  measurements  at  one  wavelength  per  shot,  accurate  scanning  of 
the  spectrum  was  difficult.  Therefore,  further  atmospheric  Spectral 
measurements  were  conducted  on  the  Bausch  and  Lomb  spectrometer  system 
while  the  phototube  sensors  were  used  for  duration  studies  with  the  pres¬ 
surization  chambers . 

Reaction  time  profiles  vary  greatly  depending  on  the  mixtures  used. 

A  strong  correlation  was  found  between  initial  metal  powder  Size  and 
reaction  duration.  In  general,  the  finer  meshes  produced  shorter  reac¬ 
tions  as  expected,  however,  little  correlation  was  found  between  mesh 
size  and  brightness  temperatures.  With  zirconium,  the  coarse  powder 
(105 /i  )  resulted  in  higher  temperatures  than  the  fine  mesh  powder  (kk/4  ) 
This  effect  may  be  due  to  the  presence  of  an  oxide  layer  on  the  powder 
which  would  effectively  reduce  the  free  metal  concentration  in  the  finer 
powders  because  of  the  larger  surface  areas"  present. 

‘MEDIUM  PRESSURE  CS2MICAL  REACTION  EXPERIMENTS 

One  method  of  getting  higher  flash  temperatures  is  to  increase  the 
pressure  on  the  reacting  system.  The  higher  pressure  raises  the  boiling: 
point  of  the  metal  oxide  and  avoids  losing  the  heat  of  vaporization  plus 
the  heat  of  dissociation  to  the  monoxide. 

e.g.  AlgP 3*2A10 (g)  +  0  (g) 

A1  (g)  +  AI2P3  (g)^3AlO  (g) 

Calculated  adiabatic  flame  temperatures  for  metal-oxidizer  systems  veri¬ 
fied  that  an  improvement  could  be  made  by  pressurization. 
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Studio*  With  pressurised  oxygen  were  undertaken  to  verify  the 
theoretically  predicted  adiabatic  flame  temperatures .  At  first,  the 
natal  powder*  were  burned  with  oxygen,  but  the  variation  of  brightness 
temperature  with  pressure  always  indicated  a  maximum,  This  peak  can  be 
explained  by  the  fact  that  only  at  one  pressure  would  the  system  be 
stoichiometric .  This  effect  is  shown  with  ■ajuoinr.n  povde-f-  in-  Figure  10  r 
Hafnium  and  zirconium  behave  similarly. 

To  correct  the  stoichiometry  phefe.lv  A’sri.iss  v»rs  lr.itr.ty-d  with 
metal  wool  packed  into  pyrex  retainer  tubes.  The  remits  with  aluminum 
wool  are  shown  in  Figure  11  with  the  theoretical  flame  temperature'  plot¬ 
ted.  above,  If  an  er.issivity  of  0,225  it  assumed  for  the  alumirtU®  reaction, 
the  "actual"'  flame,  temperature  is  found  to  a/tee  quite  closely  with  the 
predicted  flame  temperature . 

As  a  check  ett  this  approach,  aircentiw *pot assist  perchlorate  «.!.•  ..  « 
Were  fired  under  oxygen,  pressurization .  The  "es'ilts  ere  shown  in  Figure 
11  ,  If  the  enissivity  is  assumed  to  be  0.00  fair  agreement  is  found 
between  the  "actual’'  flame  temperature  or d'  the  predicted  flame  tempera* 

ture. 

It  should  be  vept  in  mind  the*  — *e  «xp*'**iv?nta1  "missivitlcs  are' 

subject  to  errors. 

In  another  phase  of  this  portion  of  the  program  a  high  pressure 
oxygen  bomb  caloric cter  was  modified  for  use  by-  welling  on  two  flanges 
to  accommodate  windows .  A  photo  of  the  apparatus  appears  in  Figure  12 
The  two  windows  permitted  a  view  through  the  burning  cloud  of  particles. 
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Figure  10  Brightness  Temperature  Versus  Pressure 

For  Flake  Aluminum  Powder  And  Gaseous  Oxygen 
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The;  reccxmnended  maximum  initial  pressure  for  tbit  type  of  calorimeter  is 
1*0  atmospheres  of  Og  and  that  is  what  was  decided  on  here  --  the  maximum 
pressurization  attempted  was  600  psig. 

Mixtures  of  metal  powders  and  KCIC^  were  placed  in  a  cup  held  by  the 

Ting:  electrode  and  ignited  tey' an,  electrically  heated  resistance  wire.  The 
windows  were  cleaned  after  every  reaction  to  assure  chat  light  attenua¬ 
tion  v 0:t*l d  net  be  a  .problem-.  Window  .charring'  or  dirtying-  was  not  encoun¬ 
tered  in  this  pressure  range.  After  assembly  the  reaction  chamber  was 
placed  in  the  optical  sitrp  a1 sc  ased  for  taking  tire  resolved  spectra, 
Experiments  in  tut  pressurized  cr.arr.ber  were  conducted  with  aluminum, 

hafnium,  zirconium  and  thorium  powders.  The  oxidizer  in  all  of  the  tests 

1 

was  KCIO^ ,  The  data  taken,  nave  been  plotted  as  f  vs  log  P  and  appear  In 
Figures  lj  >  la  ,  and  lr  .  Since  the  adiabatic  flame  tempera ture  is  equal  to 
the  boiling  point  of  the  metal  cxide  using  the  Clausius  Clapcyron  equation 


d  in  P 

=  /5  H 

Hi) 

R 

it  can  be  seen  that.  With-  these  coordinates  the  flame  temperature,  pressure 
function  appears  as  a  straight  line. 

Brightness  temperatures  measured  for  the  3^7  Al,  20^  KC10,_  r.ixtv.re* 
are  at  a  maximum,  at  about  1Q0  psig  when  pressurized  with  air  and  indicate 
a  broad  maximum  extending  from  100  psig  to  400  ps.g  when  pressurized  with 
oxygen,  In  th?  vicinity  of  100  psig,  the  measured  temperatures  are  in 
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and  Zirconium  Plus  Perchlorates 
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Figure  15  Pressure  Versus  Temperature  for  Hafnium  Plus  Perehforalt's 
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excess  of  the  ■computed  adiabatic  flame  temperature  of  the  Al/NaClOj*  reac¬ 
tion,..  Assuming  the  temperature  measurements  are  not  in  error,  a  few' 
reasonable  explanations  for  this  behavior  can  be  given.  First  of  all,  the 
confuted  flame  temperature'  assumes,  the  heat  of  reaction  to  te  evenly  dis¬ 
tributed  among  all  the  combustion,  products,  when  in  fact  temperature  grad¬ 
ients.  exist.:,  there  is.  a  ver '  hot  Al  -  Og  reaction  rone  in,  tine'  v  icin.it"  of 
each  burning  aluminum  droplet..  "'bond!  ..  c  ••  ■"  .r.-;;  ct  .pressures  given’  are 
“he  readings  before  a  chemica'.  reaction  has  been  initiated.  Certainly, 
during  the  exulosive  reaction,,  th*  trarcieflt  nressure  in  the  reactor  arid 
the  pressure  within  the  burning  flash  rowder  must  be  suite  a  bit  higher. 

Probably  the  main  cause  for  the  large  increase  in.  brightness,  tetpera- 
ture  when  going  from  O’  to  100  psig  is  the  transition  of  the  chemical  flash 
from  a  combustion  reaction,  to  a  detonation.  The  flash,  duration  at  0  psig 
is  approximately  23  •"illiseconds  while  at  100:  psig  the  flash,  time  ranges 
from  1.  to  3'  milliseconds.  This  order  of1  magnitude  reduction  ip1  flash 
time.-  will  result  in  a.  smaller  total  conduction  heat  loss  and  hence  a  higher 
flame  temperature...  The  approximate  reaction  time  to  reach  the  peak  bright¬ 
ness.  temperature  is  given  in.  Table  I  .  .As  the  pressure  is  increased 
there  is  probably  a  further  red-ftipft  in  reaction,  time  which  more  data 
would  reveal.  It  is  not  clear  vhr  the.  te.rr.crature  should  decrease  at 
higher  pressures  unless  conduction  heat  loss  was  again  involved.  It  is 
quite  possible,  that  the  phot,  fees  were  measuring  the  temperature  of  the 
colder  exterior  of  the  radiating  cloud. 

Oxygen  and  air  pressurization  cause  slightly  different  results  but 
the  scatter  in  the  data  names  an.  analysis  of  this  -  mint,  an  academic 
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exercise.  Since  Ng  1*  an  Inert  in  this  system,  oxygen  pressurization  would 
be  expected  to  be  better. 

A  spectrum  of  the  AI/K6IO4  flash  was  taken  at  106  psig  using  the  1,5 
meter  Sausch  and  bomb  instrument,  The  Spectrum  was  not  time  resolved;  hot 
wire  ignition  made  the  timing  too  difficult  and  a  high  voltage  spark  could 
not  be  sed  because  it  would  are  across:  the  thinly'  insulated  electrode  con¬ 
nection  through  the.  bomb  calorimeter  vail.  The  film  Indicated,  the.  flash 
Consisted  of  continuum  emission  and  Al,  Na,  and.  K  lines  in  absorption,;  no 
AlO  band  structure  vas  present.  .Mixtures,  of  -325  mesh  hafnium  and  potassium, 
perchlorate  exhibit  the  highest  temperature  at.  6  psig.  Pressurization 
reduced  the  reaction  time  to  peak  light  output  from  6  to  •'&.■$  milliseconds 
at  0  psig  to  between  0.5  and  2  milliseconds,  on  the  average,  at  100  psig 
and  higher,  The  change  in  reaction  time  with  pressurization  is  not  as 
pronounced  as  it  vas  with  aluminum  but  still  one  would  expect  a  temperate  ? 
rise  from  a  reduction  in  conductive  heat  losses. 

Mixtures  of  hafnium  with  1-1/2  times  the  stoichiometrically  required 
amount  of  KCIO4  did  not  produce  flash  temperatures  notably  different  from 
the  stoichiometric  mixes.  The  extra  heat  load  apparently  made  little 
difference.  In  other  experiments  about  10$  by  veigh.t  MnOg  was  added  to 
the  mixture,  again  without  improving  the  light  output.  !he.  addition  of 
M11P2  vas  reported  to  increase  the  emissivity  of  the  metal  oxide  particles. 

If  this  is  true,  one  can  conclude  that  the  emissivity  of  the  HflOg  particle 
clous  is  quite  high,  or  that  the  lowered  flame  temperature,  because  of  the 
added  heat  load  of  the  MnOp,  is  compensated  for  by  the  Increase  in  emissi¬ 
vity,.  Ibe  results  are  given  in  Table  I  on  Page  44. 
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It  is  strongly  suspected:  that  hafnium  powder  left  exposed  tp  the 
atmosphere  will  form  a  fair  amount  of  oxide .  Exposure  of  the  powder  to 
air  for  a  period  of  a  few  days  will  lower  the  brightness  temperature . 

There  is  the  possibility  that  the  Hf  powder  purchased  already  had  quite  a 
high  concentration  of  oxide  and  the  achievement  of  higher  brightness  ten* 
perature.s  With,  hafnium  (and  the  other  metal  powders)  will  require  oxide 
free  metal. 

The  data  -or.  *3$5  teah  lr  and  Th  coribustioh.  have  been,  plotted  itt 
Figure  la  .  Although  only  ohe  zirconium  .flash,  was  tnjto  at  .each  pressure 
level,  the  response  of  the  fr/KCi.CV  -mixture  to  increased 
pressure  i-  like  the  Tlf/FCXOh  system.  There  is;  a.  moderate  increase  in- 
temperature  when,  the  reaction  is  set  off  at  100'  psig.  As  can.  be  seen,  in 
Table  it,  the  reaction  time  to.  maximum,  light  output  decreases  with  p.res-.- 
sure  tut  the  effect  of'  pressure  On  the.  total  flash  duration-  is  not  as 
great  as  with  A1  powder,.  The  total  flash,  duration  is  .reduced  from  1,7  to  8 
milliseconds  when  the  pressure  is  increased'  from  !0  to  1Q0  ps.lg;  this,  is 
not  nearly  as  drar.atac  as  the  transition,  for  aluminum. 

One  of  the  metals  known  to  for-  a  very  high  toiling  oxide  with  a  large 
heat  of  reaction  is  thorium.,  Thermodynamic  data  for  thorium 
snd  its  oxide  rare  hot  -e'-dfiy  aVaf'ebld  1  k'-r  the  flats,  tear e nature  was 
unknown.  There  is  then,  no  theoretical  result  to  which  the  measured 
brightness  temperature  can  be  compared. 

Because  of  the  xild  radioactivity  of  Th  it  was  desirable  to  react  the 
Th/KClCt  mixture  in  a  closed  chamber.  The  modified  bomb,  calorimeter  was 
-used  for  these  measurements , 
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Brightness  temperatures  were  measured  at  0  and  100  psig.  The  maximum 
brightness  temper  .cure  produced  by  stoichiometric  Th/.KClOlj.  mixtures  was 
4115K  at  1  atm.  The  increase  in  pressure  didn't  produce  a  higher  flash 
temperature  *  thorium  can.  be  classed  with  Hf  in  this  respect.. 

A  mixture  Of  thoria  and  1  percent  ceria  is  used  as  an  active  surface 
in  the  so  called  V.'eisnaeh  mantel.  The  Welsbacp— ante!  probably  'behaves 
•as  a  estadj-tic  surface  fcr  the  recombination  of  Tree  radicals,  which  in 
turn  serve- to.  i;eat  the  santl-e  .  The  high  emissivity  of  the  mantel  .  n  the 
blue  produces  a  white  light  having  a  high  color  temperature.  One  of  the 
■Th/rclOJj.  flashes  was  doped  with  enough  Ce  (■KSOi ))+  to  produce  a  proper 
firnfhSS  of  thoria  aha  ceria  after  combustion.  The  resultant  brightness 
temperature  of  37901  at  6000A  was  not  promising.. 


TABLE  I 


EFFECT  OF  FPR3SURE  Off.  A1  +  KCIQ4  REACTION 
°?  at-.  Air 


?(~sig) 

”r>a>:(*0 

v-nsec 

TuaxTTH 

tmsee 

...Q _ 

_ 

7.  - 

100 

47.16 

0.7 

1,0 

451? 

0.4 

.200 

kWo 

0.2 

4240 

0.4 

4396 

0.3 

4460 

0.4 

AGO 

4-V'O- 

0 .23 

4320 

0.25 

4.3100 

0.25 

-.00 

4780 

0.28 

• 

300 

4240 

0.13 

. 

«• 

O00 

4 180 

0.2 

- 

• 

?low  Co  •'lust. ion 

Petonrtion- 


Ut 


fONTt  AMERICAN  AVIATION,  INC.  /  tOt  ANBElll  NIVIIION 


NA-6U-608 


TABU  II  . 

EFFECT  OF  PRESSURE  ON  Hf/KC104  REACTION 


2  . .Air 

P(pslg)  ir.fkj.  I  (msec)  l(x)  T(msec) 


•  vr—o/ 

* 

■  v  . 

0 

4100 

8*5 

391*5 

6 

too 

3920 

3+2 

3830 

1.8 

4015* 

0,5 

l+o  20* 

1,2 

3320** 

1.0 

3530** 

1.2 

200 

3820* 

0.4 

3940 

1.3 

3360* 

1 

300 

3370 

1,7 

3880 

1.4 

600 

31+60 

0.6 

EFFECT  OF  PPinSHRE  ON  Zr/ KCIO4  REACTION 


P(psig) 

T  (K) 

h(maxT) 

0 

3520 

10 

100 

3980 

2 

200 

3840 

1 

400 

3950 

0.4 

*  1-1/2  times  stoicto.  KCIO^ 

**  lOjl  by  weight  (fcOg 
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A  spectrum  of  the  Ib/KCIO^  system  was  taken  at  0  psig.  Besides  the 
usual  K  and  Na  absorption  lines  there  are  emission  band  heads  located  at 
5927  and  63bO  A;  there  is  no  information  given  in  Pearse  and  Gaydon  (32) 
on  emission  from  thorium  compounds  but  it  is  believed  that  the  bands  belong 
to  Th.  A  mierpphotometer  trace  of  the  film  is  given  in  figure:  59*  Iso¬ 
therms  applicable  to  2  msec,  exposures  and  different:  t numbers  have  been 
drawn  tn  on  the  trace.  The  assumptions  are.  that  : he  film,  emulsion  Will 
respond  to  a  certain  enersr  flux  in.  the  same  manner  if  the  exposure:  times 
are  of  the  same  order  of  magnitude  and  that  the  relative  film  darkening 
at  various,  wavelengths  corresponded  to  the  highest  measured  brightness 
temperature  of  the  flash  rather  than  the  flux  level  integrated  somehow 
over  the  total  flash  duration  (this  last  assumption  is  admittedly  unreali¬ 
stic).  The  measured  brightness  temperature  at  6000A  was  37l*OK;  the  film 
darkening  at  6000A  corresponded  to  the  3h00K  isotherm.  A  37hCK  iso:..-, 
was  then  faired-  in  on  the  trace  -using  the.  ratio  of  flux  density  given  by 
31+OQK  and  37U3K  at  6C OOA  as  a  fictitious  emissivity. 

Zirconium  wool  +  pressurized  oxygen  studies  have  been  made  under 
conditions  of  constant  volume  in  the  apparatus  shown  in  Figure  22.  Hie 
data  is  summarized  in  Figure  16.  plexiglass  windows  were  used  in.  these 
runs  and  a  severe  charring  problem  developed  because  the  window  was  in 
direct  contact  with  the  hot  reaction  products..  Consequently,  the  recorded 
brightness  temperatures  are  considerably  below  the  true  brightness  tem¬ 
perature  of  the  flash.  However,  the  5230°K  temperature  obtained  is  above 
lasing  threshold  for  ruby  and  near  the  optimum  operating  point  for 
neodymium  lasers* 
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High  Pressure  Chemical  Traction  Exrei-iiasftt# 

To  explore  the  very  nigh  pressure  region.,  measurements  were  takeji  With 
solid  oxidizer-metal  mixtures  in  the  dynamic  pressurization  chambe*".  Pres¬ 
sures  up  to  10^  psi  could  he  handled  in  the  chamber.  Extreme  difficulty 
was.  experienced  in  conducting  these  high  pressure  tests  for  several  reasons . 
First,  conditions  could  by  no  means  be  duplicated  between  successive  shots.. 
Second,  the  window  sometimes  ruptured,  nullifying  data  received.  Third, 
flying:  fragments  from  the  ruptured  window  required  elaborate  protective 
screens .  Fourth,,  the  short  duration  pulses  were  hard  to  record  'because  of 
large  variations  in  the  induction  period  between  the  ignition  pulse  and  the 
combustion  pulse..  Nevertheless ,  significant  data  was  Obtained  on  many  shots 
and  are  summarized  in  Table  III.  The  pressures  reported  are  very  approxi¬ 
mate  and  were  found  by  calculating  the  pressure  necessary  to  rupture  the 
window. 

To  alleviate  some  cf  the  difficulties  encountered  with  the  dynamic 
chamber  mentioned  above,  several  modifications  were  made,  as  indicated  in 
Appendix  I.  .This  .modified  chamber  was  equipped  with  a  Kistler  gauge  pie¬ 
zoelectric  pressure  transducer  which  allowed  pressure  measurements  up  to 
105  psi.  With  this  chamber,  pressure  and  temperature  could  be  measured 
simultaneously. 

A  typical  pi es sure  temperature- time  pulse  is  shown  in  Figure  If 
Tfoa  pressure  trace  indicates  clearly  the  detonation  wave  followed  hy  the 
smoothly  rising  then  failing  chamber  pressure.  The  light  emission  is 
seen  to  start  tmmedia .iy  after  th.  detonation  wave  passes,,  increase, to 
a  maximum  correspond ;ti»-  to  e  ’  »\t  of  maximum  chamber  pressure,  then 
decay  at  a  rate  ccnei.,i-rai.*v  faster  tnaa  the  pressure  decay.  Before  fir¬ 
ing,  the  window  trana,<-r-»ncy  is  %H .  After  the  shot,  window  transparency 
was  approximately  101  because  of  marring.  Because  the  reaction  products 
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Table  III 


DYNAMIC  CHAMBER  TEST  RESULTS 


Material 

KIP/ln.2 

*  Temp  °K 

At  +  Mg  +  KC(04 

20 

4150 

Hf  +  Kclo4 

20 

4635 

Hf  +  Mn  +  KCfo4 

20 

5270 

*  TEMPERATURES  NOT  CORRECTED  FOR  WINDOW  CHARRING 
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Figure  17.  Dynamic  Pressurization  Chamber  Typical  Pressure  - 

Intensity  Pulse  at  5500A 


TIME  — ►  200  H  SEC  DIV 
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must  be  at  an  extremely  high,  tempo nature'  •»;OGO°f')  to  exhibit  the  high 
pressure,  it  is  evident  that  the  window  is  considerably  charred  even 
before,  the  maximum  temperature;  is  recorded.  Table  IV  lists  the  maximum 
pressures  and  temperatures  .obtained  with  this  chamber. 

Several  spectra,  of  dcuatoicaHy  pressurised  shots,  awe  shown  in  Appendix 
IX.  The'  most  prominent,  feature  of  those  spectra  is  a  Complete  lack  of  any 
emission  or  absorption  lines  except  for  the  “rmpanese  triplet  in  absorp¬ 
tion  at  lO'jiA  as  indicated  in  two  of  the  spectra,  the  sharp'  spikes  pre¬ 
sent  on  the  e  spc-ct-ra  are  due  entirely  to  mercury  eti  ssion  from  the  fluor¬ 
escent  -lights  in  the  laboratory.. 
jp-ptoffn*  '  'ire.  Clem  leal  Pcr.cti.on  Syperiments 

An.  effective  way  to  increase  the  flame  temperature  of  a  reaction  is 
to  add  extra  energy  to  the  reaction  mixture.  To'  accomplish  this  goal.,,  it 
was  decided  to  test  an  exploding  wire  in.  oxygen .  Two  types  of  wires  were 
used.,,  aluminum.  and  zirconium.  The  wire  was;  exploded  in  a.  .pyrex  capillary 
tube  under  sufficient  o:<ygen  pressure  to  effect  complete  combustion.  Just 
enough,  electrical  e  nor  grp  was  used  to  vaporize  the  wire,  The  results  are 
shown  in  Figure  16  with  a  sketch  of  the  tube  used.  Hie  brightness  tem¬ 
peratures  observed  were  higher  than  the  te-peratures  measured  with  the 
•etai  wool  burning  in  oxygen.  The  .saddles,  observed  are  probably  caused 
by  the1  condensation  of  metal  oxide,.  From  the  observed  brightness  tempera¬ 
ture  and  the  calculated  boiling  point  of  the  oxide,,  the  emissivity  may  be 
roughly  measured.  The  aluminum  emissivity  is  approximately  0.26  and  the 
zirconium  emissivity  is  approximately  0 . 08 .  Therefore,  the  emissivities 
assumed  in  the  pressurized  oxygen  studies  are  further  substantiated.. 
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TABLE  XV  • 

DIKAMTC  PRESSURIZATION  SHOTS 


PRESSURE  MONITORED 


%  (°k) 

*  MAXIMUM  CHAMBER 

MIXTURE 

r“ES:-TJRE  (psi) 

Zr  ♦  KGlOjj 

l»r  tl 

»*  It, 

l5io 

li020 

i5ooo 

18000 

25000 

n 

zp  *  m  ♦  Kcidj, 

m  n  n  H 

1210 

3720 

Li5o 

30000 

20000 

35000 

n  «•  h 

3180 

35000 

■if  ft  n 

3600 

loooo 

Hf  ♦  Keia. 

M  :jf.  ^ 

t*5io 

1*370 

1*0000 

1*0000 

if'  '• 

1600 

50000 

ft  it 

iiOOO 

50000 

■ft-  ft- 

3180 

60000 

PRESSURE  NOT  MONITORED 

mixture 

tB  (°K) 

» 

Zr  ♦  KClOh 

i»  »• 

liTOO 

1700 

zr  *  m  *  xcioh 

Hi  «  ir 

5220 

i.icrn 

6300 °K  estimated  temperature 

■.ft',  ft  .-ft' 

3850- 

.ft’  ft  w 

3700 

H f  ♦  KC1CL 

5I.7C 

6500°k  estimated  temperature 

ft;  ft- 

■1*900 

ft-  ft- 

l*5l*o 

#  Quoted  brightness  temperatures.  not  corrected  for  window  charring. 
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Measurement  of  Emisiivity  tod  True  Tengiersfcurs 

Slagle-double  path  measurements :  Te  ape  rat  urea  determined  by  photo#' 
tubes  sighted  on  a  radiation  source  are  brightness  temperatures,  or,  the 
temperature  at  which  a  blackbody  would  be  an  equivalent  radiation  source . 
Measuring  the  true  temperature  o?  a  source  requires  that  the  ecissivity  be 
known..  There  is  evidence’  from  the  br:  phtness  temperature  data  taken  at 
both  high  pressures  and  at  one  atmosphere,  that,  the  emissivity  of  the 
lurinous  cloud  is  low.  If  this,  is  indeed,  the  ease,  it  would,  indicate  that 
additives  to  modify  the  eaissivity  should  be  given  more  consideration. 

To  measure  the  true  temperature  of  the  flash  .reaction,  an  apparatus  was: 
setup  to  perform  single-double  path  measurements .  The  setup  i*  -hewn  in 

Figure  19 .  The  arrangement  is  similar  to  that  for  measu.ing  brightness 

e- 

temperaoure  except  that  a  spherical  mirror  and  a  light  chopper  have  been 
added  behind  the  flash.  The  spherical  mirror  is  set  at  a  distance  from 
the  chemi?  al  reaction  equal  to  its  radius  of  curvature  so  as  to  form  an 
image  at  uhe  focal  point  of  the  lens  system.  The  phototube  now  responds 
to  an  alternating  signal  consisting  first  of  radiation  directly  from  the 
flash  and,  then,  when  the  chopper  opens  the  optical,  path  to  the  mirror,) 
radiation  directly  fjsom  the  flash  plus  radiation  from  the  flash  that,  has 
been  .attenuated  by  reflection  from  the  mirror  and  by  traveling  through  the 
luminous  Cloud.  The  equations  for  the  single-double  path  process  can  be 
•et  down  and  easily  solved  if  light  scatterings  is  neglected.  (The  left 
hand  side  of  the  equations  is  Wien's  approximation  to  Plank ' s  lav). 
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Single  Pith 


Solving  the  two  c  -nations  for  tie  two  unknowns,  Ep  and  Tp,  it  is  found 


that 


and 

Tf  ~  •  /C  l/t  +  (  A  £f  )A  ijf  ^ 

Scattering  of  light  may  be  of  importance  to  the  emissive  properties  of 
the  cloud  and  can  make  the  determination  of  emissivity  much  more'  difficult., 
The  simplest  analysis  that  can  be  made  of  a  situation  involving  light 
scattering  would  be  to  assume  that  all  scattered  radiation  leaves  the 
optical  path  to  the  sensor  and  negligible  light  la  scattered  Into  the  path. 
In  this  case  the  equations  are: 


Single  Path 


Double  Path 
r*  ,  o 

C*  n  LfrV^* 

/ATjJ  ~  u  r  sj4. 

rr>  )(i  • ’ y  {-( i 

.*».«]<«> 

These  equations  cannot  be  solved  rigorously  because  they  contain 


three  unknowns  J[a>  and  Tp.  Comparing  the  equations  1  and  2  and  5 
and  6  it  can  be  seen  that  the  solution  for  Ep  from  equations  1  2 

diminished  by  fg/{  9a  +  if  a)  when  equations  5  and  6  are  used  (the  change 
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from  Tf  to  Jr  *ln  the  exponential  terms  is  of  no  consequence  numerically). 

'  <t.  i. 

The  equations  5  and  6  are  approximations  to  the  rigorous  Solution  of  ths 
multiple  scattering  problem  and  are  Valid  when  Y^  ($$).  Ihs 

relative  size  of  ya  and  Ye,  the  absorption  and  scattering;  cross  sections , 
can1  be  rigorously  calculated  for  a  certain  wavelength  by  use  of  Mle'e 
theory.  One  must  know,  however,  the  complex  refractive  index;  of  the 
material  and  the  particle  sizes .  Neither  of  these  quantities  is;  known,. 

•Single  and  double  path  measurements  have  been  made  during  flashes  of 
Al,  Zr,  and  Hf  with  KC10!t  at  the  wavelengths  kJOQK,  5G00A,  and;  6000A. 

■  '  f  , 

With,  a  chopper  frequency  of  1000  to  2,000  cycles  per  second  there  was  no 
great  difficulty  in  distinguishing  the  alternating  signal  output  Of  the 
phototube  from  random  variations  in  the  light  output  of  the  flash  process , 

A,  typical  phototube  response  during  single- double  path  measurements'  is 
shown  in  Figure  20  as  displayed  on  a  CRT.  The  lower  trace  is,  the  chopper 
frequency  detected  by  a  phototransistor  ---  light  source  combination 
described  in  connect... or.  with  the  time  .resolved,  spectra.. 

Since  the  flashes  investigated  were  set  off  on  a  flat  piste ,  the 
optical  path  length  of  the  luminous  cloud  as  well  as  the  mass  of  material 
in  the  optical  path  are  unknown.  The  results  of  these  experiments  could 
not  be  used  for  the  prediction  of  emissivity  of  radiating  clouds  of 
similar  particles  viewed  at  other  optical  depths.  As  stated  before,  the 
object  was  to  measure  the  true  flash  temperature  and  estimate  flash  emissivity 
It  was  usually  observed  that  the  opacity  of  the  luminous  cloud  increased 
with  time  and  in  some  cases  the  cloud  became  completely  opaque  (radiation 
from  the  reflecting  mirror  didn't  penetrate  the  cloud )  during  the  latter 
portion  of  the  flash. 
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Zr*KC  i  04  FLASH 
A=  5900  -  61 00 A 


Figure  20.  Phototube  Output  Single -Double  Path  Measurement 
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Some  experiments  vjtx>  vhicfc  the  phototube  and  less  ni 

set  at  a  slight  angle  {.-•  2C3)  to  the  direction  of  the  reflected,  light 
from  the  spherical  mirror-  —  this  was  •now?  to  see  if  scattered  radiation 

frpnr  the  background  eour.ce  eonll  ••:.•  detected.  None  was  detected,  The 
solid  angle  viewed  c-  th«  rhr.tvu  -r.e  was  very  small  { O.OOkSh  steradians)  and. 
.scattered,  radiation  wo.,  id  ha.-v  a  1  ifftcilt  to  pick,  up  and  distinguish 
.fronr  radiation  direct.*- • ■  ? v<-«$  r.h-  <taea  - 

Because  .of  t.i <»  sV*«_  '  ;;iylc  -:~ig.,e  ••’Jewed  .by  the  phototube  it  appears 
reasonable  +."  ■=•>  >  *-v  •  '<-  ►,.*  ■  ^  -ndjation  :  roa  a  source  placed 

behind  the  flash  you’. d  •'»  -lam -art  law:  J  ^  ¥  )  i- 

The  d-.tn  .‘Athcra !  •:.  iv  f  tat' c -double  Path  technique  are  compiled 
in  Table  v  alone  v.>  .  a:  adiabatic  flame  temperature  of  the 

metals  react i ng  vl‘.h  •:•_• .  ,t  was  not  on  the  data,  tapes,  used  in 

the  computation-,;.  •’*•«.•  •  •  o-.v  .;rd  :  a  rue i*atn res  tabulated  were 

calculated  .so lug  ev.ro.:  •  p-A 

Srsrtmsrised  Co-1  c:  t 'or.  f' 

,  Before  proceed  tv  ••  -*  •  .r.>.-.  rrim  -jU  additives,  it  is  desirable  to- 

summarize  the  rca.'-*”  c  ••:.  •  combustion  studies..  Table  VI 

presents  *'<•£<  e«v  •  * .  ■  r .  .  mine  durations ,  and  spectral 

characteristics  /'  '•  -■  .?  •  fd  '•w'.iu’n  pressure,  and.  high  pressure 

reactions  ?m-’  .e-i  e-  ■  r.  A":  +CIO4  reaction  at  one  atmos¬ 
phere  pressy-,-  we.!.  •  •.«  .•*  id  it  Ives  study.  The  typical  behavior 

of  the  reaction  flon’l  =  '  .-.the  behavior  of  the  other  reactions 

listed  in  the  tat1':  ;•  -  .rrussion  on  additives. 
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Table  V 

MEASURED  “EMISSIVITY’  ’  AND  “TRUE  TEMPERATURES” 
FROM  SINGLE-DOUBLE  PATH  EXPERIMENTS 


4500  A 

: — — — : - 

5000  A 

6000  A 

E  T 

E  T 

E  T 

Hi  -  kc1o4 

0.86  -4  3640 °K 

0.90  -  3625 

;  0 . 628  -  3655 °K 

0.81  -  3720 

;  0.9  -  3:59 0°K 

Ajt  *  KCjto4  ; 

Zr  -  KCj(o4 

:  0 . 73  -  3710 

:  0.67  -  3390 

0.6  -  3670 

0.83  -  3720 

0.86  -  3310 

i  0.80  -  3307 

!  0.79  -  3390 

0.73  -  3435 
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Corrected  far  estimated  window  darkening. 
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EFFECTS  OP  ADDmVBS 
Theoretical  Selection  of  AddltlFM 

Equilibrium  is  defined  as  the  condition  for  which  no  potential  exists 
for  changing  the  energy  distribution.  All  other  conditions  cure  nonequili- 
brliiB  conditions. 

By  this  definition,  it  is  seen  that  many  different  energy  modes  may  be 
in  nonequilibrium .  Radiation  is  generally  not  in  equilibrium:;,  it  is  usually 
deficient  in  energy.  Chemical  equilibrium  generally  does  not  exist  unless 
the  system  is  at  high  temperature;  the  chemical  system  usually  has;  an  excess 
of  energy.  Electronic,  vibrational.,  rotational,  and  kinetic  energy  modes 
are  generally  in  equilibrium  except  under  low  pressure  conditions*  The 
problem  of  interest  here  is  to  take  the  chemical  nonequilibrium  and  convert 
the  excess  energy  to  radiation  of  a  specified  frequency  range. 

To  Convert  Chemical  energy  to  radiation,  many  different  techniques  are 
available.  These  techniques  take  the  energy  of  the  chemical  system  and  trans¬ 
form  it  one  or  more  times  to  finally  obtain  radiation.  Each  energy  trans¬ 
formation  is  limited  by  the  laws  of  radiation  and  thermodynamics,  which 
allows  us  to  put  limits  on  the  efficiency  of  transformation  of  the  proposed 
techniques. 

The  occurrence  of  nonequilibrium  and  techniques  of  use  are  analyzed  for 
guidance  in  the  pimping  program. 

Theoretical  Bases 

The  bases  for  an  analysis  of  the  radiation  and  thermodynamic  lavs, 
in  particular  the  considerations  of  interest  here  are:  blackbody  radiation 
(37),emi8sivity  { 37 ), theoretical  flame  temperatures  (3?  ) »  -  ntropy  (3?)>  and 
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equilibrium  energy  distribution  (10).  Since  these  topics  are  covered  adequa¬ 
tely  in  the  literature,  only  the  final  equations  are  given. 

Blackbody  radiation  is  described  by  Planck ' a  equation 

-*  mk  (k  c^r)  -  a 


where  is  energy  density  at  the  frequency  /"  (frequency  in  wave  nunbers 

per  cm  i ..  i~bq  superscript  zer:  indicates,  b;  %e  "-.body .  Defining  the  radiancy 

-  £  ?  .  =  C2  V’  "  ■< 
r  •/-, 

Integrating  Over  the  frequency  gives 

•£’  *  rT* 

for  the  total  radiation  energy  for  all  wave  lengths 
The  emissivity  Is  defined  as 

'  8-  e 


or 


-  €vr  £\ 


o 

vr  ‘  '-vr  '<'*  V~ 

for  the  total  emissivity  g  or  the  spectral  emissivity  y  The 


emissivity,  “  ,  reflectivity,  r,  and  scattering  coefficient,  s,  are 

related  i  t*  +  T  +  S 


0r  /  =  6y-  +  IV 

Often  '3  C1  and  the  scattering  is  ignored. 

Theoretical  flame  temperatures  are  calculated  by  ( 1 )  mass;  balance 
equations ,  ( £ )  enthalpy  balance  equation,  ( j )  pressure  balance  equation,,  and 
(4)  equilibrium  constants.  These  equations  are  all  that  are  needed  to 
specify  t  •  system.  Since  equilibrium  is  assumed,  complete  combustion  Is 
assumed.  Since  an  enthalpy  balance  is  assumed,  an  adiabatic  system  Is 
assumed.  (While  not  used,  the  flame  temperature  at  constant  volume  can  be 
calculated  by  replacing  the  enthalpy  by  tr.e  internal  energy  and  pressure  by 
density*) 
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The  entropy  Is  important  for  determining,  the  limits  on  energy  con¬ 
version  is  an  isen tropic  process  occurs*  the  equilibrium  conditions  hold* 

Thus,  in  an  isentropic  radiation  process,,  the  blackbody  limit  is  imposed,. 

The  entropy  is  defined 

dS  «  dSr  ♦  dSi 

h  dQr  +  dQi 
T  T 

where  r  indicates  reversible  and  i  irreversible,  Q  is  an  artificial 
variable  to  make  both  terms  formally  the  same..  The  definition  of  dQ  Is 

-dQ  *  dU  |  8  r 

In  other  words,  an  irreversible  change  is  accompanied  by  a  decrease  in 
internal  energy.  The  implications  cf  this  statement  are  simplified  during 
the  discussion  on  tapping,, 

The  Boltzman  energy  distribution  is  given  as 
nj  =  N  CUi  exp  C  ^/»cT)  / P.F. 

where  Og  is  the  population  of  state  i,  CO  .  is  the  statistical  weight  of 
state  i,  and  Eg  is  its  energy  level.  Ignoring  negligible  quantum  effects, 
this  gives  the  equilibrium  distribution.  Conversely  given  ng  a  tempera¬ 
ture  for  the  state  is  defined.  The  energy  levels  are  for  any  mode --kinetic, 
rotational,  vibrational,  or  electronic. 

Ncn»~qul  librium,  Studies 

In  a  nonequilibrlum  condition,  there  is  a  driving  force  or  potential  that 
will  tend  to  equilibrate  the  systems.  To  use  the  nonequl librium 
potential  for  laser  pumping,  potential  must  be  converted  to  radiation  in  a 
spectral  band,  This  is  the  objective  of  this  study. 
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Nonequilibrium  exists  as  frozen  composition  (as  mixing  zirconium  and 
KCIO4  st  room  temperature ) ,  radiative  nonequilibriun,  excess  excitation  of 
energy  levels  ( often  occurs  because  of  chemi -excitation, )  hot  spots,  and 
underexcitation  are  characteristic  of  low  pressure  systems  (and  hence  poor 
radiative  systems),  these  modes,  of  honequi librium  are  not  discussed  further . 
In  addition,,  frozen  composition  is  the  typical,  for  chemical,  reactions.  The 
only  phase  Of  interest  to  this:  study  is  the  energy  output  and  combustion 
efficiency.  Thus,  the  nonequilibrium  aspect  is  not  discussed. 

Radiation 

There  are  a  number  of  problems  associated  with  radiation.  The  ones  of 
interest  in  this  study  are  emissivity,  optical  depth,  and  chemiluminescence. 
While  important,  emissivity  and  optical  depth  are  not  discussed  in  this 
section.  Chemiluminescence  is  the  basis  for  tailoring  snd  tapping  energy 
of  chemical  reactions.  In  a  chemical  reaction,  the  energy  released  goes 
into  kinetic.,,  rotational,  vibrational,  and  electronic  energy,  Generally, 
the  energy  goes  to  exciting  the  molecule  rather  than  kinetic  energy  as:: 

0  ♦  K  ♦  M  — *-  OH*  ♦  M* 

Thus,  easily  excited  species  are  much  more  effective  third  bodies  than  mcna- 
t.cc.ic  species.  Since  excitation  is  the  primary  path  of  a  reaction,  our 
problem  is  to  tap  this  energy  before  it  converts  to  kinetic  energy. 

The  temperature  of  the  excited  state  can  be  calculated  from  the  dis¬ 
tribution 

*  excited  states 
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This  temperature  (which  is  not  the  kinetic  temperature)  controls  the  radia¬ 
tion  e cuilibr iun- -as su-ii ng  no  absorption  in  the  surrounding  gas,  As:  such, 

it  appears,  that  the  blackbcdy  radiation  limit  for  the  radiating  gas:  is 
un'imr-crtsnt,  A  more  .serious’  auction,  can  odour  from  a  mantle  of  mrnexcited 
gas  surrounding  the  radiating  gas. 

Qyererc itatlon 

pxcitatien  ran  occur  by  thermal  excitation,  excitation  transfer,,  and 
chemical  reaction,.  In  thermal  excitation,  the.  excitation  is  in  equilibrium, 
with  the  kin  attic  temperature.  This  produces  the  normal  excitation  for  com¬ 
parison.  It  becomes  ove rexci.tati.cn  only  when  the  vinetic  temperature 
decreases  rapidiy-rvhich  does  not  occur  in  our  system,  in  excitation,  transfer, 
the  excitation  energy  is  transferred  from.:  one  speeies'to  another.,  This  is  the 
mechanism  for  tailoring  radiation,  but  overexcitation  is  not  produced  this 
way*  only  transferred,,  Cherical.  excitation-  is  the  only  method  for  production 
of  everexCitation  in  cur  system.  In  a  chemical  reaction,  t ha  chemical  energy 
is  converted  into  .excitation  or.-.-rgy  and;  kinetic  energy.  The  usual  conserva¬ 
tion,  laws  {mass,,  momentum,  angular  momentum,,  spin,,  and  energy)  hold  for 
collision  in  which  a  chemical  reaction  occurs  (Ul).  Since  momentum'  is  a 
vector  quantity,  it  is  possible  that  all  the  energy  can  be  converted  to 
kinetic  energy  by  a  surerelastic  collision.  The  cross  section  for  the  various 
collisions,  must  be  obtained  to  give  the  ratio  of  excitation  to  kinetic  energy* 
However,.  In  almost  every  reaction  studied  for  excitation,  it  has  been  found, 
this  is  the  source  cf  nonequilibrium,  excitation  in  our  system*, 
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Techniques 

In  tapping  or  tailoring  radiation,  a  high  emissivity  Material  is  ■used: 
as  a  dopant.  In  tailoring  the  radiation.,,  the  emission  is.  raised  toward  the 
hlaoi  body  limit  for  the  kinetic  t?'-peratur.e,.  tapping,  the  energy  of 


is 


v-ee 4:  p. 


Cist  icf.. 


ion.  is  at  an  effective 


iorpt retire  .higher  ♦hah  the  kifetic-  tenpcraturg-,,  the  radiation  can  be  shove, 
the  ilabkbcdy  limit  for  kinetic-  temperature,.  The  limiting  temperature  in 
all ‘.cases  is  the  effective  terperature  of  the  pertinent  process..,  (t'nfor- 
tunste-ly,  this  is  friary  1 1  •••eu.  the  cool  outer  portions  of  the  combustion ). 

As  dopants,,  metals,,  salts  '(with  strong  dipoles)1,,  and  fluorescent  solids 
are  considered.  If  the  fluorescent  solid:  .ill  vc-rfe,  it  appears  to.  be  the 
best  choice.  The  energy  of -condensation  should  be  easily  tapped.  The 
emitted  radiation  is  less  likely  to  he  reabsorbed,  and  most  fluoreooe-r.ts  are 


rediatefs.  Possibly  it  .will  not  be  able  to  take  the  conditions  of  the  com¬ 


bustion,  Since  the  total  cent  nation  time  is:  short,  there  is  a  chance  that 
the  fluorescent  solid  can.  survive. 


If  the  fluorescent  solid  .will  net-  work ,  re  tala -and  salts  will  be-  tried 
as  dopants.  ~'th  are  strong  .g,a.oe:us  recia'-v  ’"•...-re  is  a  g ..dsibility  that, 
since  the  condensation  is  the  energetic  react!-  r,  yacerus  species  will  net 
be  able  to  tap  the  system.  Thus,  an  ex;  ♦.-ri^o-r.t  el  program  is  essential  for 


testing  the  systems. 

Candidate  Systems 

ea-iculstions  were  run  for  aluminum  and  potassium  perchlorate,  and  for 
aireoniun  and.  potassium  perchlorate,.  Adiabatic  flame  temperatures-  for 
the  two-  systems  are  .about  ?D0C°X  and  “?0Cc1‘  respectively  at  68'  -atmospheres 


NORTH  AMERICAN  AVIATION.  INC  L  >  ANCILIt  Oil  SION 


NA-6I4-608 

pressure.  This  gives  a  radiation  intensity  of  2.31  x  1C;  F/j  and  3,?9 
x  10"^  € ^  kcal/gm  in  the  visible.  (The  density  converts  to  mas*  from  the: 
area,  radiation  to  make  the  units  comparable  to  the.  excess  energy  at  lower 
temperatures.) 

IT  we  allow  the  systems'  to  combust  at  One  atmosphere'  at  a:  temperature 
sufficiently  high  for  rood  combustion.  ( 2700°E  for  Al,  and  3000  for  Zr) ,  there, 
is  considerable  excess  energy *,  It  amounts  tc  5 .h  kcal/gm  for'  the  aluminum 
and  C.99  kcal/gm  for  zirconium.. 

Looking  at  the  thermochecmical  data,  only  beryllium,  boron,  and  lithium 
appear  to  be  comparable  to  aluminum.  This  easiest  system  to  handle  is  one 
of  the  best. 

Most  metals  are  good  radiators  as  are  fluorescent  materials...  Thus, 
the.  main  interest  is  to  select,  the  correct  radiation  bands.  Examples  of 
metals  ate  'Ti,.  Y,  Ag,  Cu,  Ba,,.  Tl,  and  Hg.  Since  we  are  interested  in  the: 
metal  and  not  a  compound,,  the  metal  should  be  relatively  inactive..  All 
except  barium  in  the  above  list  are  less  active  than  aluminum. 

Typical,  phosphors  that  radiate  in  the  correct  spectral  region  are 
ZhgSiO^S'  Mi,  Zn3;  Ag:  '"n,  Zn-:  BeSi^  "n,  and  Tfg3 *  3b,  In  addition.,, 

a  short  persistence  and  high  .saturation  density  are  desired1.  Of  the  listed 
fluorescent  materials,  End:  Agr  Ou  has  a  long  persistence, 

Salta  that  have  large  dipole  moments  are  usually  good  radiators.  Since 
transition  probabilities  are  hard  to  come  by,,  initial  screening  is  by  dipole 
moments.  In  general,  large  dipole  moments  occur  in  polyatomic  molecules—? 
which  have  only  a  limited  spectral  analysis.  Thus:,  the  screening  on 
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molecules  will  be  the  heavy  metal  chlorides  and  fluorides .  It  was  hoped 
that  augmentation  would  occur  with-  these  salts . 

Experiment?.!  Selection  of  Additives 

A  nur  per  of  c  >:;  eriments  were  performed  in  which  salts',  metals,,  or 
phosphors  were  adaed  to  a  stiochiometric  mixture  cf  did.  Al  particles', 
with  ?Q/CV  dia.  KCIO^  particles,  These  additives  or  dopants  were  used  in 
an  attempt  to  modify  the  radiant  energy  output  by  producing  nonequilibrium 
radiation. 

Time  resolved  spectra  were  taken  of  the  chemical  flashes  wit‘  Kodak 
103 -F  film  that  had  been  calibre-  i  for  brightness  temperature  when  using 
2  millisecond  time  exposures.  The.  additives  used  are  listed  in  Table  VII 
A  complete  m i crophotome ter  trace  was  taken  of  at  least  one  exposure  on  each 
film.  Actually,  this  was  all  that  wa3  usually  necessary  since  any  spectral 
regions  of  intense  radiation  could  be  spotted  by  scanning  the  film,  by  eye. 

None  of  the  spectra  taken  indicated  the  presence  of  nonequllibrtUm 
radiation  anywhere  in  the  region.  f:  „.t.  366CA*  to  about  6?OOA*  covered  by 
the  I03-F  film  in  conjunction  with  the  rsusch  and  Lomb  spectroscope.  Many 
emission  lines  stand  out  from  the  continuum,  or,  particle  radiation,  but  have 
never  indicated  inordinately  large  brightness  temperatures,  i.e.  greater 
than  the  computed  adiabatic  flame  temperature,  (at  least' when  integrated  over 
a  2  millisecond  time  interval). 
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The  list  of  additives  can  be  broken  into  two  gross  and  rather  obvious 
groups;  group  A  consists  of  those  that  can  be  seen  to  have  modified  the 
spectral  energy  distribution  by  producing  pronounced  band  or  line  emission, 
and  group  B,  those  additives  which  have  not.  Table VII  is  divided  into  these 
two  categories .  This  is  a  somewhat  arbitrary  breakdown  since  for  the  most 
part  it  is  based  only  on  one  Or  two  flashes .  It  is  seen,  for  instance,  that 
the  additives  CugO  and  Cu  are  in  different  groups;  this  is  so  because  the 
CugO  additives  produced  evidence  of  CuCl  and  CuO  band  radiation  or  absorp¬ 
tion  while  the  150  mesh  Cu  metal  powder  did  not.  Perhaps  if  more  finely 
divided  metal  had  been  used  or  if  different  ratios  of  Cu  to  A1  had  been 
use A  the  result  would  have  been  different . 

It  had  originally  been  planned  to  add  many  of  the  metals  in  the  form 
of  perchlorates  so  as  to  lessen  the  heat  load,  since  then  the  additive 
would  also  serve  as  an  oxidizing  agent  and,  thus  replace  some  KCIO^.  Many 
of  the  perchlorates  proved  •unsatisfactory  however,  because  of  their  tendency 
to.  rapidly  absorb  moisture  from  the  air  and  turn  a  flash  powder  mixture  into 
a  paste  or  slurry.  Preparation  of  the  mixtures  in  a  dry  box  and  flashing 
in  a  closed  container  such  as  the  modified  bomb  calorimeter  could  have  set 
aside  some  of  this  trouble,  but  because  of  lack  of  time  It  was  decided  to 
use  less  deliquescent  metal  salts.  A  list  of  the  perchlorates  and  their 
replacements  is  given  below. 
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Perchlorate 

Replacement 

Cr< 

£104)3  .  6h20 

Cr2°3 

Ph 

(0104)2  •  3«20 

PbFg 

Ce 

(C  10^.5  ^  -  hydrated 

Ce(K30u)u 

Cu 

(0104)2  .  6%0 

CugO 

Ca 

(0104)2  .  6KgO 

Ca  (C10)g 

While  It.  was  possible  to  ignite  a  mix  containing  NifClO^Jg  .  6HgO,  the 
flash  barely  registered  a  voltage  output  on  the  phototubes.  Perhaps 
Rl ( CIO4 Jg  *  6HgO  could  be  added  to  the  above  list  with  NiFg  as  the 
replacement.. 

The  mixture  containing  SnCl^  .  5HgO  was  extremely  difficult  to  ignite. 
It  was  found  later  that  the  salt  rapidly  reacted  with  the  solid  aluminum 
upon  mixing  the  two  (probably  aided  by  some  absorbed  moistire  or  the  water 
Of  hydration)  to  produce  metallic  tin  and  AICI3. 

Other  compounds  which-,  for  Unknown  reasons,  made  ignition  difficult 
were  LIGIO^ ,  BaCl^,  and  Ga(NOj ) j  .  LiClO^  was  not  used  as  an  additive,  it 
was  to  replace  KCIO4.  A  small  amount  of  Bf/KClO^  was  used  as  an  Ignitor  in  a 
last  attempt  to  flash  the  Al/LiClO^  powder,  the  attempt,  did  not  succeed  and 
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un  of  LiClO^  was  abandoned.  Mixtures  of  Al/KClO^  containing  small  amounts 

of  BaClg  burnt  slowly  and  incompletely  as  did  mixtures  containing  Cd(HO^),. 

In  TableVIIthe  brightness  temperature  in  the  immediate  vicinity  of 

the  Na-D  lines,  as  determined  from  microphotoneter  traces  cf  the  film 

spectra,,  is  also  recorded.  The  average  Ka-3  line  temperature  for  group  A 

and  group  3  is  ,3fh;0K  and  316CK  respectively.  It  should  be  kept  in  mind 

that  the.  Ma-I  lines  Were  almost  always  self  absorbed  at  the  peak,,,  thus  ti.e 

temperatures  listed  are  likely  to  be  on  the  low  side.  Temperatures  recorded 

by  phototubes  would  be  lower  still.  The  phototubes  used  fpr  this,  phase  of 

o 

the  program  were  equipped  with  filters  having  a  20OA  half  width,.  Brightness 

temperatures  measured  in  this  way  will  correspond  more  or  less  to  the  energy 

in  the  continuum  and  thus  the  temperature  of  the  particles. 

Sene  of  the  emission,  or  absorption  lines  are  common  to  all  of  the 

spectra  taken,  in  group  A  or  B»  These  will  be  discussed  first. 

Fotassium,  which  was  always  present  in  these-  experiments  by  virtue  of 

tho  oxidizer  used  (KCIO^),  has  a  resonance  line  corresponding  to  the  Na-D- 

o 

line,  in  the  infrared  at  7phu.9]iA.».  This  is  beyond  the  range  of  the  equipment 

used,  Mora-  normally  only  radiation  due  to  doubly  excited’  states  of  K  have  been 

noted  on  the  film.  These  K  lines  are  located  near  the  Na-D  line  and  appear 

at  <792,77*  <807.16,  <812.71  and  5832,31  A.  Self  absorption  of  those  lines 

has  never  been  noted  in  the  time  resolved  spectra  taken.  In  some  spectra 

taken  early  in  the  program  with  another  film  emulsion  batch  No.  the  K. 

doublet  at  6938.96  and  6911, 3C  could  be  discerned  even  though  the,  film 

•sensitivity  in  this  spectral  region  was  quite  small.  Other  K  lines  can  be 

0 

Seen  at  tOhli.lii  and  Ich 7. 20A. usually  in  absorption  because  the  lower  energy 
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level  is  the  ground  state  and  thus  highly  populated. 

The  Na-D  lines  always  appear  in  spectra  taken  of  these  chemical  flashes f 

this  is  because  trace  amounts  of  sodium  are  usually  present  as  an  impurity. 

When  a  sodium  compound  (RaNCj)  was  purposely  added  to  an  Al/KClC^  flash  the 

.  o 

result  was  a  surprising  broadening  of  the  D  lines  to  at  least  a  50  A  to 
ICO  A.  half  width.  The  peak  intensity,  however,  is  in  line  with  normal 
equilibrium  radiation,.  Addition  Of  NaNO^  also  brought  out  other  sodium 
lines:  representing  transitions  from  doubly  excited  states  (L^D  and  5^>i)  to 
the  singly  excited  quantum:  state  ( 33jt  Radiation  from,  these  more  highly 
excited  states  have  the  advantage  of  hot  being  readily  self  absorbed  because 
Of  the  small  population  of  the  lower  energy  state.  Neither  Of  the  doublets 
at  £632.67,  5658.22  and  61%, 27,  6160.735  had  a  high  peak  brightness  temp¬ 
erature* 

There  is  also,  of  course,  the  band  radiation  of  the  3^  £  — ►- 2  £ 
electronic  transition  of  the  A10  molecule  (32).  The  band  heads  of  all  the 
transitions  listed  below  are  plainly  visible  in  the  spectra:  taken. 


vibrational,  transition  Wavelength 

V  —  7-2  Ui70.5A 

V — *-7-1  1*61*8,2 

V— *-V  h  81*2,1 

V  — •>  7*1  5079.3 

V  — ►  7  ♦  2  5336.9 


A10  emission  structure  is  r..  it  prominent  early  in  the  flash  and 
usually  fades  into  the  continuum  near  or  soon  after  the  peak  light  output. 
The  A10  bands  are  never  observed  in  absorption  and  so  must  exist  at  the 
highest,  temperature  of  the  system.  Film  spectra  have,  shown  the  Na-D  lines 
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and  other  emission  lines  to  be  more  intense  then  A1C.  This  is  probably 

o 

because  the  enissivity  of  A1G  is  lower.  A1  lines:  appear  at  39Ui  and  39611 
almost  always  in  emission,  but  has  been  observed  to  go  into  absorption. 

Many  of  the  spectra,  taken  show  Hg  lines,  seemingly  Very  intense. 

These  lines  are  .due  to  stray  light  from  the  ■cv?>n;e:#i  fluorescent  lamps  and 
the  fact  that  there  is  no  mutter'  on  the  spectrometer  slit,. 

Barium  Salts 

Three  of  the  additives  tried  were  barium  compounds,.  5a  (ClQ^J^j. 

PaFg,  and  Ba  (ITCjJj*  (There  is  a  fourth  containing  BaCNCjJj  and  TiiOg), 

Ba:  (ClO^Jj  and  Ba  (KCj)«  produce  similar  spectra  consisting  of  BaCl  bands 
and  a  strong  3e  line  at  ?9??.53A>.  while  BaFg  addition  results  in  these 
bands  plus  the  band  structure  of  BaF  at  900C.6,.  1992,1  and  :1$50,8a»  firs 
BaO  bands  have  not  been  detected  in  the  flashes.  Of  the-  three,  the  best 
additive  is  SafNOjJj  since  it.  produced;  the  highest  temperatures  (both 
phototube  and  N'a-D  line  from  the  film),  BaFj  as;  an  additive  produced  A 
60  millisecond:  time  delay  from  spark  ignition  to  the  beginning  of  light 
emission  (1?  milliseconds  would  be  a-v*-— ago )  and  s  rather  long  flash.  The 
.comparison  of  these  additives  right  not  bo  a  rigorous  one  since  BaFg  and 
Ba  ( C10i_) ^  were  present  in  1  to  2"  quantities,,  while  the  Ba(?!Qj)g.  mixture 
was  l-i Cy  Al,  30, r  KCIC^  and  30?  SafKOjJj.  Ba  (CICj.  )2  might  have  worked  as 
well  as  the  nitrate.  The  Fa  is  itself  an  oxidizer  and  has  been 

reported  to  be  an  effective  catalyst  for  KClOj^  decomposition  to  KC1  (34). 
Addition  of  does  shorten  the  flash  reaction  time,  thus  bringing 

about  less  conduction  heat  losses  from  the  radiating  cloud,  Micrcphotcmeter 
traces  of  time  resolved  spectra  of  Al/K01C^/Ba (ilC^ ) j  flashes  in  Figure  46 
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show  strong  BaCl  emission  bands  at  5136,  5240  and  5321A  that  appear  early  la 
the  flash  then  fade  into  the  continuum  as  the  brightness  temperature  of  the 
continuum  rises  and  finally  show  up  in  absorption  as  the  radiating  cloud 
cools .  These  bands  would  increase  the  light  output  in  the  green  if  the 
err.issivitw  of  the  continuum  was  low  or  if  this  preen  .light  output  was 
needed  v-  ry  early  in  the-  chemical  flash. 

The  3a  line  at  5535-.53A  is  . a.  -s-rGhg.  radiator  that  is  not  as  easily 
self  reversed  as  the  Ka-D  line.  The  mi crpphctGme ter  traces  show  this 
Ba  .line  to  be  a  good-  indicator  of  the  gas  temperature-,. 

Calcium  Compounds 

As  has  already  been  mentioned,  at  first  the  perchlorate  CaOClO^Jg* 

6H20  was  tested  but  rapid  water  absorption  lead-  to  its  replacement  by 
Ca(C10)2.  Calcium  chloride  is  kncvn  to  color  flames  red  because  of  CaCl 
band  emission.  Addition  of  calcium  hypochlorite  brought  put  the  CaCl 
2  j-f — »»  £  ^  bands  lying  between  5934 A  and  P'-OoX  (32 )  -and  a  resonance  line 
of  Ca  at  4 226. 73 A.  No  acceleration  cf  the  Al/KClO^  reaction  was  noted  and 
the  measured  flash*  temperatures-  are  average... 

Chromic  Oxide 

From  time  resolved  Spectra  taKen  of  an  Al/KClO^  flash  containing  a 
few  per  cent  Cr^Oj  the  band  structure  of  CrO  at  6451.5,  6394*3,  6051.6, 

>623,3  and  5564. 1A  (32)  as  well  as  five  Cr  lines  at  4254.34,  4274.00, 
4i.o9-.73,  5204.54  and  5206, 04a  could  be  identified. 

It  has  been  reported  that  additives,  such  as  Cr20j,  MnOg  and  other 
metal  oxides  will  increase  the  rate  of  perchlorate  decomposition  (e.g.  35 ) * 
Limited  data  taken  on  CrgOj  addition  are  inconclusive. 
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Cuprous  Oad.de 

Spectra  taken  of  flashes  containing  Cu^O  indicate  CuCl  hands  in 
absorption  from  about-  h25CA  to  Ii500A  (D  TT  £  and.  E  £  —*»  £,  (32). 

Other  CuCl  bands  might  be  present,  but  difficult  to  distinguish  from  the 
AID  band  structure;*.  From.  6059A  to  6.29J.A,  CuC  bands  arc  visible  in  emission. 
Lithium  titrate 

The;  addition  of  LillC^  resulted,  in  Li  lines  at  1132*'?.,  L6C2,  L6C.3, 
li97i •  6103.6a,  and  a  strong  broadened  resonance  line  at  6707.35A 

(2P-«*,15).  The  Li  line  at  6103.6a  appears  quite  intense,  having  a  peak 
brightness  temperature  of  eoout  330CK  while  the:  self  absorbed  Ka-D  lines 
yield  3200K. 

Ttanpcr.ese  Compounds 

Two  manganese  compounds  were  trie$  MrCg  and  (CIO^),,  ,  bH^O.  There 
is  nO.  doubt,  that  .‘drOj  will  accelerate  the  Al  +  KClCj^  reaction.  It  has  also 
been  postulated  that  I-lnOg.  would  increase  the  emissivity  of  the  radiating 
solid  or  liquid  particles.  Tine  resolved:  spectra  of  flashes  that  contained 
either  MnCg  or  s!l0tt  the  MnO  emission  bands  at  5586. L,  5609.5, 

5-359.6*  5830*3',  6175.9,  and  6203. 2A,  There  is  also  a  ”n  triplet  at  LC30.9, 
L033.0  and;  l»C3k.5A  usually  appearing  in  absorption. 

Thallium  Salt 3 

The  thallium  salt  additive,  TlTO^,  produced  two  T1  lines,  one  usually  in 
absorption  in  the  continuum  at  3775. 73A  and  one  very  strong  line  in  emission 
at  5350. L7A.  The  strong  Tl.  line  is  comparable  in  intensity  to  the  NA-D 
lines  and  could  be  used  for  measuring  vapor  phase  temperatures. 
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Phosphors 

Among  the  series  of  additives  tested  were  two  phosphors,  ZnS  and  CdS. 
They  were  tried  in  the  hope;  that  the  solid  phosphor  would  survive,  for  a 
time;  at  least,,  the  hi  hr,  temperatures  produced.'  Neither  additive  appears  to 
have:  altered  the  basic  spectrur.  of  s.r  ,41  +  KClCj,  flash  and  they  have  been 
listed  in  group  3.  of  Table  Vll., 
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Emission  Spectra 

In  addition  to  the  major  additive  program,  emission  spectra  have  been 
taken  of  the  reaction  of  stiochimetric  mixtures  of  KCIO^  and  aluminum, 
zirconium,  hafnium,  lanthanum  and  neodymium  powder.  The  spectra  were  taken 
using  the  Bausch  and  Loc.b  1.5  meter  spectrometer  with  Kodak:  103 -F  film  and 
covered  tne  region  from  3660A  to  about  TOCO A.  Most  Of  the  band  structures: 
observed  have  been  identified  «.«  being  due  to  metal  oxides  (A10,  ZrO,  HfO, 
LaO)  using;  the  tabulation,  of  Pearse  and  Gaydon  (3:2)'  .  The  micrcphotometer 
traces  of  the  film  are  Shown  in  Figures  ^9  and  50  with  the;  metal  oxide 
bands  labeled.  The  band  structure  of  HfO  has  not  been  analyzed  and  only 
the  location  of  prominent  band  heads  listed  by  Pearse  and  Gaydon  ( 32)  are 
pointed  out  in  that  figure.  These  particular  spectra,  with  the  exception 
of  Rf ,  are  not  time  resolved  and  thus  isotherms  have  not  been  drawn  on 
them. 

Neodymium  was  included  in  a  list  of  possible  reactants  primarily 
because  it  was  expected  that  the  rare  earths  might  emit  in  the  region 
where  rare  earth  dopants  in  the  lattices  of  lasers  would  have  absorption 
bands .  Hopefully,  rare  earth  additives  would  modify  or  tailor  the  spectral 
■emission  characteristics  of  the  chemical  flash.  Spectra  of  the  Nd-KClO^ 
flesh  reaction  were  taken  and  found  to  contain  only  continuum  radiation  from 
solid  particles  and  a  number  of  fine  lines  attributable  to  Nd  vapor  or 
impurities  (see  Figure  **9  ).  None  of  the  NdO  emission  bands  listed 

by  Pearse  and  Gaydon  could  be  identified,  There  was  no  evidence  of 
higher  emission  in  spectral  regions  where  Nd  in.  glass  lasers  can:  be 
pusped. 


79 


K1-6L-608 


NORTH  AMf  RICAN.  AVIATION.  IRC  US  ANIttff  OIVIIION 


Neodymium  addition  was  tried  In  zirconium  and  aluminum  powder  flashes 
to  see  if  the  emissive  characteristics,  of  the  flash  reactions  could  be 
tailored*  The  spectra  taken  appear  in  Figure  50.  It  was  found  that 
small,  amounts  of  N<j  in  Zr  resulted  ir.  a  large  reduction,  or  disappearance 
•of  the  band  structure  of  ZrC;  the ■  emission  is  mostly  continuum  and  resembles 
that  of:  the  'id.-KClOi^  flash,  in  its-  lack  of  band  structure).  Also  shown  in 
Figure  50  if  the  Spectrum,  of  A1  KClCi  with  and  without  "d  .addition. 

Addition  of  about  20  per  cent  by  weight  of  IJd-KClO^  to  AWCdO^  did  not 
obscure  the  AlO  bend  structure  and  produced  sene  identifiable  band  structure 
of  !tdC  extending  from  '658?, 2'  to  £62°. r*.  There  also  appeared  to  be  a 
slight  enhancement  of  continuum  radiation,  in  the,  red;  this  enhancement 
however,  is  not  in  the  Ntf  glass  laser  pumping  bands. 

Probably  the  boiling  point  of  ZrCg.  is  high  enough  so  that  add it ivies 
resulting  in  a  lowering  of  the  flame  temperature  greatly  reduce  the  amount 
of  ZrC  vapor  present.  This  colder  burning  mixture  will  then  exhibit  a 
rufeh  reduced  oxide  band  structure.  The  aluminum.  burns  mostly  in  the  Vapor 
phase  and  the  flame  temperature  of  Al-fCIC,,  mixture  is-  ■-loser  tp  the 
me*  urcr  ■ersture  of  Nd-KZ1T^  so  that  the.  cooling  effect  of  *!d  is  less, 

T"?  V.*C  bands  are  not  visible  in  the  zirconium  metal  flashes  because  the 
continuum  radiation  is  intense  enough  to  obscure  them. 
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,,•••  ■  Section  IV  •  . 

LASER  SYSTEM  STUDIES 

As  has  been  pointed  oyt  before,  chemical  reactions  can.  release  large 
amounts  of  energy  per  pour.:: .  and  this  energy  can  be  efficiently  converted 
into  light.  However,  to  be  a  useful  laser  pump  the  light  must  be  emitted  . 
at  ar.  intensity  above'  that  required  to  reach  lasing,  threshold'.-  The  lowest 
threshold  la,ser  is  Dy*2  in  CaFg;.  This  rare  rial  has  been;  pumped  with  a 
tungsten  light  indicating  that  it-  requires-  a  brightness  temperature,  less 
than  3C0C°K.  I’ecdymium  has  no  specific  threshold  temperature  requirement 
since  its.  characteristics  are  so  greatly  influenced  by  its  host  material. 

The  fluorescent  lifetime  can  vary  from  8.1  sec .  to  637  sec.^,  depending 
on  the  type  of  glass  used,  for  the  .host.  Similar  variations  exist  for  the 
fluorescent  line  width  and  absorption  coefficients*  .Neodymium,  therefore, 
has  a  range  of  threshold  temperatures  from  approximately  3500°K  to  5000°K. 

Rut--  is  sore  amenable  to  analysis  end  the  threshold  brightness  has  been 
determined  to-  be.  about  52$0°iC It  is  possible,-  to  analyze  the  efficiency 
of  a  light  source  of  a  particular  spectral  distribution  if  it  were  used  to 
pump  a  laser  amplifier  which  was;  continually  being  swept  out  by  a  driver  beam. 
Ir,  other  words,  we  determine  the  efficiency  of  the  production  of  excited 
Nd*-5  atoms.  For  neodymium,  this  was  determined  by  using  the  data  available 
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for  American  Optical ' s  AOLUX  3669  Neodymium  Laser  Glass.  From  a  plot  of 
the  transmission  of  a  l/k  Inch  piece  of  glass,  the  ares  under  each  of  the 
absorption  bands  was  determined  and  evaluated  for  energy  efficiency  end 
quantium  efficiency.  These  plots  vere  made  for  black  body  spectral 
distributions  from  2000°K  to  10,0<X)9k. 

In  the  case  of  ruby,  a,  ruby  amplifier  being  'pumped  by  a  black  body 
real 'tin p  cavity  was  emnlyticaily  examined  to  determine  its  efficiency  as 
a  function  of  pumping  tem-e  return. 

The  model,  consisted  of  a  1 A  inch  diar.et.er  ruby  which  was  only  being. 

pumped,  by  the  ~reen  absorption  band.  The  violet  band  was  not  used  for 

two  reasonsj  It  is  not  as  efficient  as  the  green  absorption  band;  end 

2 

•  Mai  man  has.  shown  that  appropriate  violet  radiation  can.  stimulate 
transition®  from  the  2E  level  to  the  charge  transfer  band,  producing  a  net 
depopulation  of  2E  when  the  laser  Is  being  pumped.  There  is  also  a  5Gjt 
reduction  In  efficiency  for  ruby  because  of  line  splitting  of  the  2E  level. 

Figure  21  shows  the  results,  of  this  laser  study.  Tie  ruby  amplifier 
Shows  a  sharp  rise  in  efficiency  at-  5250°K  because  this  Is  the  temperature 
where  fihplification  begins.  With  neodymium  there  is  no  true  minimum 
p  taping  temperature  because  absorption:  at  the  lasing  frequency  can  be 
decreased,  as  laser  class  technology  improves:. 

Present  day  lasers  are  not  perfect,,  so  they  will  not  reach  the 
efficiencies  shown  on  this  graph.  Eaodymium  pleas  rods  In  production  have' 
an  ebsorpticn  of  0.6*/cm  at  1.66-*/  with  experimental  glasses  as  low  as 
0.1^/cm  at  this  wavelength,,  foe  lasing  output  of  ruby  rods  Suffers  from 
the  defects  of  scattering  centers,  and  nonhcmogenecus  crystals.  The  defects. 
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decrease  the  efficiency  further,  but  have  not  been  included  because  they 
vary  from  rod  to  rod.  From  Figure  21  it  is  obvious  that  both  ruby  and 
neodymium  can  be  pumped  by  5500°K  chemical  reactions.  However,  the  output 
from  ruby  would  not  be  very  far  above  its;  threshold  and  would  not  be  very 
efficient,..  On  the  other  hand,  a  r.e:-dymium  amplifier  could  be  efficiently 
operated  even  at  a  much  lover  temperature. 

In,  -chemical  reactions  -suitable  f-r  leser  pumping,  there  are  three 
increasingly  difficult  .eve Is  in  «vt -a  fining.  high  terpemttires.  The  easiest 
is  using  a  metal  and  solid  cr  gas.ee-; s  oxidizer  fit  one  cr  two  atmospheres 
pressure.  With  this  technique  t  ;ere  is  no  need  for  a  high  pressure 
Chamber  because  no  attempt  to  pressurize  the  reaction  is  made.  With  this 
type  of  system  it  Is  possible  to  0-ttaih  4tfO°K  with  hafnium  ar.d  potassium- 
perchlorate  or  tOQO°k  with  zirconium,  and  gaseous  oxygen.  The  unpressurized 
gaseous  oxidizer  reactions  Can  be  Contained  in  a  replaceable  glass  cylinder 
and  convert  approximately  1*0^  of  the  available  chemical  energy  to  radiation. 
Ihe  radiated  energy  cen  then  be  converted  into;  laser  output  with  an 
efficiency  approaching  7.5#. 

The  next  level  of  difficulty  is  to  use  a  metal  chamber  to  contain  a 
reaction  of  zirconium  Wool  end  1500  psi  oxygen.  This  achieves  about  530C°K 
brightness  temperature  at  an  undetermined  efficiency  suspected  to  be  between 
2  pnd  15 %.  Tie  highest  level  of  difficulty  is  to  use  e  very  strong,  chamber 
which  can  withstand  a  shock  wave  of  100,000  psi  and  a  pressure  pulse  of 
kO, COO  psi.  Protecting  a  laser  rodm^hinst  6uch  pressures  and  keeping  any 
window  area  clean-  becomes  a  very  serious  problem.,  Ihe  temperatures 
•generaied  axe-  in  the  $$00°JC  region,  however,;  the  vir.dow-  fogging  problem 
lower*  the  useful  'brightness  temperature.  The  measured  efficiency  of  this 
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reaction,  w?.?  about  2. '5*',  however,  no  .condensation  was  made  .for  incomplete 
burning,,  venting,  and  window  charring*.  The  efficiency  would  be  10  to  15# 
if  these  factors',  were  controlled. 

In  a  practical  device  a.  Meodymivjm  glass  oscillator-amplifier  combina¬ 
tion  appears  to  hold  the  most  potential.  Present  neodymium.  glass  amplifiers 

’S' 

can  be  swept  out  when  a-  driver  beam  of  10  joules /cm  is  passed  through  it. 
^:mtrirer.t-'l.  rods,  are  bet'  fabricated  which,  car.  be.  swept,  .cut  with,  •even 
lever  croc/—  densities.  F'-mpir-  with  the  easiest  to.  handle  chemical 
rea  ctions.  -■  the  rchpressurined  react ierse  in.  the  •-vpG°K  to  :44-00-CK  range  <-• 
would  permit  between  .25  and  .3,5  joules/cit^  to  be  swept  out  of  a  l/4  inch 
diameter  amplifier.  This  amounts.  to  approximately  50  .Joules  per  pound  of 
laser  rod.  is  terms  of  l'ser  rods  a  50.  joule  dvdt-em  could  be  built  using 
17  hods  1/4  inch  in  diameter  by  one  foot  long,  or  five  .rectangular  rods 
l/5"  x  1"'  x  1 2" .  These  rods,  need-  not  be  placed  end  to  end  but  could  be 
optically  folded  using  prisms.,  A  driver  beat  produced  from  a  laser 
oscillator  pumped  by  the  chemical  reaction  -or  by  a.  srf.all  .Capacitor-flash.-, 
tube  system  Is  required  to  sweep  Out  these  amplifier  rods.  The  driver' 
could,  have  an  output  of  1  or  2  Jo-ales  if  it  is  to  be  amplified  first  in 
smaller  diameter  rods.,.  Trc  res- -It in.-  re c i  11  at o r— arp  1  i f i c r  combination 
could  be  designed  to  weight  bet.’. ten  10  and  15  pounds,  at  an.  output  rating 
of  50  joules. 

.4  higher  'brightness  temperature  is  desirable  because  it  permits  more 
energy  to  be  obtained  from,  each  laser  rod.  However,  the  weight  Of  the 
pressure  vessel  and  protection  of  the  laser  become  problems*  To  determine 
the  problems  encountered  in  pumping  a  laser  in  a.  high  pressure  chanher 
liAA/LAfi'  designed  arid  constructed  such  a  chamber  On  internal  funds.  The 
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chanter  shown  in  Figure  22  *as  been  designed  for  constant  volume 
reactions  to  a  peak  pressure  of  100,000  psl,  and  Will  accept  laser  rods 
up  to  1/2"  x  6". 

The  laser  rod  is  mounted  ih  a  quartz  tube  passing  down,  the  axis  of 
the  chamber.  The  chemical  charge,  which  can  be  either  a  metal  powder-solid 
oxidizer  mixture  or  a  metal  Wool-pressurized'  oxygen  mixture;,  is  packed 
■around  tne  crrrtz  tube.  Ignition,  i  s  net  rirplished  by  explosion  of  a  helix 
of  p- refuse  vraj ped  around  the  curft-z.  tube.  To  facilitate  loading  of  the 
•charier  the  head  is  equipped  with  %.  quicu-disccnnect  split  ring;  retainer. 

PreliEinhEy  firing,  data  has  been  accumulated  on  the  durability  of  the 
quartz  tube  and  Or.  the  brightness  tenperntrres  eve  liable  from  ratal  wool 
oxygen  mixtures  packed  into  tie  chamber. 

Initial  measurements  have  shown  that  the  quartz,  tube  is’  capable  of 
withstanding,  the  high  pressures  generated  by  the  metal  wool-oxygen 
reactions.  Failure  of  the  quartz  tube  on  detonation  was  eliminated  by 
coating  the  tube  with  a  transparent  silicone  rubber.  This  protective  coat 
seemed  to  dampen  the  shock  that  is  transmitted  to  the  quartz  tube. 

The  brightness  temperature  measurement s  were  performed  by  putting,  a 
l/4;"  diameter  conical  reflector  of  known,  re  fleets  nee  In  the  quartz,  tube 
and  measuring  the  reflected  intensity  with  the  wedge  interference  filter- 
. phototube  spectrophotometer  described  in  Appendix  I . 

firconium  wo^l-pressurized  oxygen  mixtures  have  been  fired  at  several 
initial  pressures  in  the  range  of  0  to  1?00  psl.  The  maximum  brightness 
temperature  recorded,  was  52.3P°K  at  H50  psig.  Extrapolation  of  the  bright¬ 
ness  temperature  -  initial  pressure  data  indicates  that,  a  brightness 
temperature  of  5500°K  can  be  aohie.ei  in  the  1700  -  2000  ps.ig  range.  The 
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chamber  Is  designed  to  purip  both  rusy  ana  neodymium  laser*,  although  thus 
far  only  safety  tests  And  temperature  measurements  have  been  made. 

This  chamber  hot  only  proves  the  point  that  higher  temperature  laser' 
pumps  can  be  built,  but  also  illustrates  the  fact  that  some  Of  the  velght 
saving  that  is  gained  by  going  to  chemical  pumping  is  lost  in  the  velght 
of  the  chamber. 

The  minimum  theoretical  weight  for  &  chamber  capable  of  Withstanding 
100  yOt'O  psi  pressure  would  be  that  of  a  high  strength,  titanium  hollov 
•sphere-..  This  type  chamber  Would  v.e*c'P  approximately  t  grams:  per  cc  of 
internal  volume.  However,  a  prrctical  chasfc  er  designed  to  pump  lasers, 
would  weigh  more  than  10  grams  per  cc.  In  a  practical  system,  only  about 
one-fourth  of  the.  total  volume  can  be  occupied  by  laser  rods.  Therefore, 
the  chamber  weighs  about  Mi  grams  per  cc  of  laser  rod..  If  the  pumping 
tempera:*.' ire  were  Increased  to  600':°K  this  would  increase  the  output  of  a 
laser  rod  by  a  factor  of  five  over  what  would  be  ob  fined  if  it  was  pumped 
by  a  reaction  in  the  uOOC°K  range.,  However,  the.  weight  of  the  pressurized 
system  would  still  he  greater  than  r.  nc npressurized  system  of  similar 
output,  problems  of  reloading  and  protecting  the  laser  also  become  more, 
acute  with  the  pressurised  system.  These  problems  appear  as  if  they  can  be 
overcome,  but  there  are  other  methods  for  obtaining  higher  brightness  tem¬ 
peratures  which:  have  to  be  eva’ufted  to  determine  the  best  rrea  for  future 
work. 

External  ’’etr-is  for  .Incrensir*  fri ~htness  Temperature 

From  *re  second  law  of  thermodynamics  we  krov  chat  it  is  impossible  to 
create  an  image  more  intense  than  the  source,  of  the  radiation  if  we  are 
dealing  with  Limbert  law  radiators  and  if  the  refractive  indices  of  the. 
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object  and  image  space  are  the  sane.  These  last  two  conditions  offer  a 
clue  to  how  the  intensity  might  be  increased.  First  of  all,  if  the 
refractive  indices  are  different  it  is  possible  to  achieve  a  higher  bright¬ 
ness  temperature.  This  can  be  accomplished  with a  laser  rod  by  the  familiar 
process  of  cladding  the  .laser  rod'.  In  this  process  the  Cylindrical  laser 
.rod.  is  , jacketed  by  a  transparent  Material  which,  has  the  Same,  index  of 
refrr.ee. Ion  as-  the  Jeser  rod(42)» 

For  best  results  % 


where  n.  ==■  the  index  ef  refraction  of  the  laser  rod: 

30.  *  outer  .diameter  of  the  cladding 
Dj  =  inner  diameter  of  the  cladding,  l.e., 
the  diameter  of  the  laser  rod, 

'Fits  produces  an  increase  in  intensity  equal  the  index  of  refraction  of  the 
materials.  If  the.  shape  of  the  cladding  is  spherical  rather  than  cylindrical 
the  increase  Is  approximately  equal  to  ti2.  Hn-s,  for  ruby  it  is  possible  to 
increase  the  intensity  by  1 .?6  with  cylindrical  cladding  and  3*1  With 
spherical  cladding.  With,  neodymium  glass  the  laser  rods  have  an  index  of 
recrai-tion  fr--m  1.5  to  1.3  so  slrzlar  ianreh.ee  are  possible  with  glass 
laser  rods .. 

With  a  fee  tor  of  three  increase  in  intensity  it  is  possible  to.  achieve 
intensities  which  correspond  to  effective  temperatures  above  5000 °k  from 
a  hlnckbedy  radiating  at  4000°K. 

Another  method  for  achieving  a  brightness,  temperature  at  specific 
wavelengths,  higher  than  the  source,  is  to  use  fluorescent,  devices  which 
are.  not  in  thermal  eq.utli.tr ires  end  thus  fall  outside  the  scope  of  the 
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previously  discussed  lav. 

A  study  of  fluorescent  devices  has  been  conducted  at  NaA/IAD  under 
internal  funding.  Hi  is  study  has  demonstrated  that  it  is.  possible  to 
obtain  substantial  intensification  '-t.  a  specific  wavelength,.  To  understand 
the  fluorescent  intensification  process  it  is  necessary  first  to  briefly 
review  the  fluorescent  ex.cisati.on  end  re-emission  process. 

Fluorescence  is  the  absorption  of  Xi  -ns,  end  emission  of  the  energy 
as:  light  before  internal  conversion  degrades  it  to  heat.  Of  these1 
fluorescent  excitation-emissions.,  the  two  level  system  fan  .example  of 
which  is  the  Kg.  '2?.’37A  absorption  and  direct  r'-emission)  is  of  no  use  in, 
taring  to  reach  higher  brightness  tempe  ref  Hres-  since  the  emission  is 
blac-kibody  limited  to  that  of  the  source  or  less  1/  an  equilibrium  in  the 
(reversible)  process. 

The  multi-level  systems,  with  intermediate  (irreversible)  vibration 
level  changes  of  the  excited  state,  can  and  do  give  rise  to  nou-equili> rlim 
populations  in  the  excited  state,  and  thus  can  have  higher  brightness 
temperatures  than  the  exciting1  light.  Anti -stoke'*  fluorescence  of  this 
type  though,,  is  not  useful  since  the  thermal  e  ;ergy  which  causes  excitation 
to  higher  vibrations  1  levels  also-  helps  to  cause  quenching’,,  and  therefore, 
results,  in  higher  energy,  low  intensity  e--is.s.tcns.  The  more  common  and 
useful  Stoke ' s  -'lucre  soence  occurs  en  vib rat. lord  de-excitation  takes 
the  molecule.1  to  the  ground  vibration  level  where  the  fl  orescing,  de-exclta- 
tion  is  observed.  Hue  to  the  very  fast  deactivation  rates  this  type  of 
fluorescence  will  yield  very  high  brightness  r.erperat  ires  and  thus  is  the 
one  we  have  studied. 
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Another  possible  thermodynamically  irreversible.'  path  from  the  excited, 
electronic  state  is  a  system  crossover  to  an  excited  state  with  a  different 
multiplicity  than  the  ground  state  giving  rise  to  phosphorescence..  This 
has  the  potential  ability  to  achieve  high  temperatures  though  it  'has  not 
been  investigated  as  yet..  The  main  problem  would  to-  be  effectively  vise 
one  of  the  knfcvu  -ethods  sue’.,,  as  the  "'-aden-fob-l  effect,  of  shortening  the 
extro-melv  let*  half  life  •'C^ecic-too  •  vt-h  she  for"- i  leer  transition  to  mound 
state,  c>*  to  fiat  ar  ■ofTfoient  rears  Of  fore  Inc  *he  molecules  back  into  the 
initial  exaitoi  state  (having  the  e  rwltirlieitv  as  the  around  state) 
which,  will  ‘•hen  dc-excite-  by  fluorescence. 

The  utility  of  fiwors.see.nt  enhancement  of  purrir-r  sources  lies  in 
■using  rateri.al.s-  which  omit  into  a  particular  laser's,  pur-rina  band,  but 
absorb  at  wavelengths  outside  of  this  or  o+her  purping  bands.  This  has 
the  double  advantage  of  concentrating  .-.ore  energy  into  useable  wavelengths 
and  preventing  r.neieSs  light  from  entering  the  la.ser  where  it  is  degraded 
to  heat.,  In  general,.  it  is.  desirable  to  use  materials  which  absorb,  over 
a  wider  wavelength  ran s  than  in  which  they  emit,  thus  allowing  a  greater 
usable  energy  concentration.  As  an  example,  a.  suspension  which  absorbs. 

•”osC  of  -.ho  light  of  v_ voter. •+!•:  less  t'r-n  abort  37COA  rr.d  fluoresces 
Vc-’.a.en  Byoo  ■  r.i  •SfOt'v  could,  -ivc  about  fifteen  tires  the  enhancement 
fluorescein  could  rive  :.d  would  be  rood  for  pun-ping  a  heod;.Tivjr  laser. 

C-  r  'rltial  exrs.rirer.ts  were  conducted  using  urar.ine,  the  sodium  salt 
ef  ••ureuccir,  (l^-i’joCr)  since  it.  is  easy  to  handle  and  known  to  be  a 
strong  fluorescent.  The  age eons-  or  met! nr olio  solutions  of  the  salt  were 
contained  in  a,  small  diameter  tube  with  a  flat  window  at  one  end  for 
measurements,  The  fluorescein  was  p'srped  along  a  three  inch  length  by 
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two  flash  -cubes ..  The  ixuorescent  iratoriai  ecits  spherically;  .however,, 
light  emitted  within  a  right  angle  cone  is  trapped  within  the:  cylinder  due 
to  internal  reflection#  Not  until  it  reaches  the  flat  plate  at  the:  end  of 
the  tube  can  it  escape.  Since  the  fluorescent  raterial  absorbs  very  little 
of  its  emitted  light  the  Intensity  of  the  trapped  light,  increases  with  the. 
i.cr.rt.h  of  the  tube  tbit  is  being  g  1-P*  Only  self  ■•absorption  and 
rc'tteri:.''  lir Its  the  output  ir~-  r  •  icy  *  ch  be  achieved  with  a 
ivpn,  p  •jo'tco...  Fi  •  vre  72  icronctratcs  the  principles  cf  this  -replica.-- 
‘•icn  of  :'l '.'orescent  purpir.r.  11- tire  p!,  o».cvs  a  representative  spectral, 
'distribution  of  the  output,  of  the  fl"ores-celr.;-  it  indicates  the  absorption 
and.  emission  regions  and  the  cuh-tncerent  -of  erieslcn.  The  observed  bright¬ 
ness'  terperature  of1  the  fluorescein  solution  is  ape, r  on  irately'  linear  with 
flash  tube  purring  tern  era  turd  in  the-  5500A  rdrion,.  the"  highest  obtained 
to  date  being  about  $h-,-t-00oK,,  as  shown  in  flr’ire  1?  along  with  the  highest 
flashtuhe-  scan  acheived#.  These  data  indic-te  that  for  a  three  inch  perplng 
ler.'th  a  general  increase  in  brightness  temperature  of  about  a  factor  of 
two  and  an  increase  of  about  four  tines  ir.  enemy  output  {at  55OCAJ. 

Theoretical  -calculations  have  been  r«afe  for  a  possible  ecr.fi-  '.’.ration 
.tiliair.  •  fluorescent  ourmce*  ont  to  reap  lasers#  7;  vs  ccr''ii  mcTion  is  in 
the  chepe  of  a  paddle  wheel  t.de  cf  thin  v~r.ee  of  a  f lucre reent  rasper*  ton 
:  rrun~ed  around,  an.  a.'cts  forred  by  the  laser.  ??~;re  76  s';  evs  a  vye  and 
the  ]  5  ft  red.  Tee  flu-crescent  raterial  Is  to  be  purred  throe. -h  the  sides 
of  the  var.es  ex’  the  fluorescent  or i mica  directed  by  lnterr.n.1  reflectance 
through  or.c  edge  to  the  laser.  The  advonta •?  of  this  configuration  over 
these  tried  by  other  groups  (generally  sore  fern,  of  annular  cladding):  is 
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that  the  faces  of  the  vanes  alii v  n  such  larger  area  to  pump  the  fluores¬ 
cent  material  and  a  large  increase  in  efficiency  of  pumping  a  given  volume. 
Also,  the  trapping  efficiency  approaches  75  per  cent  for  the  vanes  as 
opposed  to  25  per  cent  for  the  tubes.  Using  chemicals  reacting  at  5000°K 
(which  can  be  readily  reached  in  s  trai rht- forward  reactions)  the  calcula¬ 
tions  as.  shown'  in  Fimj-e  27  Indtcsates  that  the.  device  can  achieve  effec¬ 
tive.  temperature  of'  ~0*X!  to  lC,Cir  -bin'  fche'ihrupi&y  bands  heceSiSary  for 
hi  -h  efficiency  laser  pu-ping.  Figure  o£  snows'  efficiency  of  output  of 
the  green  light  (0 . 52-0  »6£>.«r )  to  the  laser,  Ifote  that  energy  per  pound 
relationship  of  10 ^  nr  10*  Joules  per  pound  are-  evidenced  for  these 
unoptiiilced  approaches  and  does  not.  include  any  light  from  the  pump,  some,: 
of  .which  will  undoubtedly  reach  the  laser'  rod.  . 

'These  are  only  theoretical  predictions  based  on  the  data  of  one 
fluorescent  substance  and  a  rough  model.,  but  there  is  good  indication  that 
further  research  would  result  in  the  development  of  a  very  useful  device 
with  hi gher  efficiencies  than  shown  here.  To  he  found  are  other-  fluores¬ 
cent  materials  suited  to  various  lasers  and  the  conditions  under  which  they 
are  most  efficient  (such  as  solvent,  concentration*  I®*  etc.).  The  model 
will  also  have  to  be  refined  t'-ro.'jh  eyreri  mer.  tat  ion  to  find  Such  things 
as  the  test  size,,  thickness,  a  •  1  n  riser  r~  ."eies  and  the  .best,  angles  and 


mirroring  of  top  and  ends 


Figure  28 
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Section  ? 

CONCLUSIONS  Aim  iffiCCMMENMTIOIB‘ 


Theoretical  and 


experimental  studies  have  provided  data  that  support 
several  important  conclusions.  The  most  important  is  that  brightness 
temperatures  nave  been  achieved  that  are  adequate  to  pump,  neodymium  and 


ruby  lasers,  it  is  believed  that  higney  temperatures  have  been:  achieved 
by  chemical  reactions  through  this,  contract  than  ever  before:.  Records 
indicate  that  prior  to  this  contract ,  the  highest:  brightness  temperatures 
measured  were  about  4COO°K.  The  highest  temperature  was  achieved  With 
nsfniua  and  potassium  perchlorate,  about  ‘65O0°K.,  and  therefore  this  Would 
be  the  best  reaction  if  temperatures  must  be  this.  high,.  Zirconium  and 
potassium  perchlorate  reaction  produces  temperatures  almost  as  high  as 
hafnium  and.  thorium  and  since  it  is  more  readily  available ,  it  would  be 
recommended  for  most  applications,  where  temperatures  In  this  range  are 
required. 

It  is  concluded  that  the  best  use  of  chemical  reactions  for  pumping 
lasers’  is.  to  use  the  low  or  medium  pressure  techniques.  These  techniques 
produce  lower  temperatures,,  but  they  do  not  have  vh.e  penalties  associated 
with  the  high,  pressure  reactions,  namely  a  heavy  high  pressure  chamber, 
low  efficiencies,,  laser  protection  against  shock  waves.,,  and  window  charring. 
One  atmosphere  reactions  are  best  for  application,  which  require  tempera- 


ti'x-s  up  to  !.4CC°K.  For  those  that  require  temperature  between  M00°K  and 
5500°K,  the  pressurized  oxygen-metal  wool  reactions  are  better.  For  those 


applications  that  require  intensities  corresponding  to  brightness  tem¬ 
peratures  higher  than  550C°K,  other  methods  appear  more  promising  than 
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use  pf  high  pressures*  Two  examples  are.!  t)  cladding  of  the  laser  rod 
and)  2)  the  use  of  fluorescent  devices  to  increase  the  intensity  in 


This  study  has  established  the  characteristics  and  the  potential  of 
pyrotechnic  reactions  for  r  arpiftr  lasers...  Sere  of  the  rest  important 
cl  nervations  are,: 

frph  '•;.o .  vdr.ct  lose  it  es;:r*  V  JL.ly  4  cor.Ttnuufe*. 
r)  “aLasivity  is  pet  renet-.nt  as  faction  of  vaveleurth  hut 
rensrnlly  ranras  fro?.  0*5  to  0.7. 

c )  furaticas  can  be  varied  between  0*1  to  100  .ftlili seconds  .. 

d)  .'eactiOns  studied ,  shoved  no  ^cn-requilie -lurry  radiation. 

e)  Efficiency  varied  between  and  h0>*  Generally efficiency 
;  ,  .decreased  as  preae.aare  inert- r.d  above  about  200' p si, 

f)  Temperatures,  ranged  from  50C0  to  t-'gOC®?:,  Generally.,  the 
ter::  C  rat '.ires.  s  ensured  were  '.-.'covi  20CQ°i£  love  r  than  those 
.predicted,  by  the  computer  provr.are, 

.Although  ihcrerental  i: proyerents  are  possible  in  each  of  there  areas, 
further  -study  of  reactions  it  net-  x\rrer«tcd'  ..-t  this  tire*  S>fj fie lent 
irfe^—tien  is  available  to  proceed  *0  the  cysten  study,. 

."ystc.  studio:  .-3  r '-‘c  ended  t»_at  vo*-21  «»-«o (■»»<»  fr.ii- 


Ld  crp ! ore  four  i-por- :r.t 


re  as 


as  follows 

-)  T.'io  laser  oyster  per fc money  using  4  chemically  purred  cavity* 

:  }  C -Till  .1 or  -  u  pi i Tier  rysteir  v.c  increase  Laser  output  efficiency, 
c):  Cladding  of  the  laser  to  increase  light  intensity  at  the  laser  rod 

1.)  Fluorescent  conversion  r..rri«eft  to  increase  intensity  in  specific 
spectral  regions. . 
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The  baO.lc  system  study  would  be  conducted  ao  follows S 

a)  'Establish-  laser  material,  size,  .and  shape* 

b)  Determine  output  of  the  laser  versus  brightness  temperature 
using  a  conventional  pumping  system. 

c)  Select  the  reaction,  elements  most  likely  to  give  best  performance 
for  the  laser.* 

d) '  "'ssinn  .ebssr.b or,  in 'flu  ring  i-;?i*c’*>  pro..  -url  sartor  method*  window, 

2  .ccs  holder  ar A  protection,,  etc.. 

c)  •  srform.  rests  on  the  purple*-  system  to  deperrlns  brightness 

u$rpei*ature  _ri  efficiency  versus  pressure  as.  select  operating 
pressure* 

f )  Pest  laser  using-  the  chemical  reaction,  pumping  System  to 'determine 
total  system,  efficiency.  Optimise  system  performance  through 
iteration. 

An  amplifier'  system  would  be-  designed  for  chemical  reaction1  pimping,* 
This  would  be  controlled  with  .1  laser  oscillator  which,  bay  -or -may  not  be 
purped  with  a  chenical  reaction..  This  is  not  important  because  it  would, 
be  a  lor  power  levfl.ee.  Tests  would  be  ocndacted  to  determine'  system 
perfOc  a.ce,  garticvilariy  system  efficiency.  The  total  energy  density  for 
the  system  world  be  determined. 

Further  improver  :rc.  In  efficiency  would  be  attempted  by  cladding  the 
laser  red  with  a  dielectric  that  would  increase  the  intensity  Of  the 
r_d:  ,:it  output  from,  the  purp  as  sc-:',  by  t*e  laser  rod.  The  chamber  would 
be  adapted  for  the  cladded  laser  rod  and  tests  conducted  to  determine 
efficiency  and  other  performance  data.. 
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The  chamber  and  possibly  the  reaction  conditions  would  then  be 
modified  to  utilise  a  fluorescent  converter  to  again  attest  to  increase 
the  system  efficiency. 
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APPENDIX  Z 

EXPERIMENTAL  EQUIPMENT 

The  necessary  experimental  equipment  for  a  study  of  the  light  output 
of  chemical  flash,  reactions  may  be  divided  into  three  groups :  Sensors, 
ignitors,',  and  chambers',  Hie  .sensors  must  measure  light  intensity  as  a 
function  of  time  and  wavelength ,  Two  general  types  are  in  .use.,  One-  type 
is,  used  for  producing  time  resolved  spectra  and  the  other  type  is  used,  for 
measuring  monochromatic  intensities  as  a  function  of  time ,  The  calibration 
technique  is.  discussed  in  detail  because  all  temperatures  quoted  are 
accurate  only  insofar  as  the  calibration  is  accurate. 

The  ignitor  is  used  to  ignite  the  reaction  mixture  at  a  predetermined 
time  and  with  a  minimum  disturbance  of  the  system,1  Therefore,  a  brief 
discussion  of  the  Ignitor  design  is  presented. 

The  chambers  in  use  may  be  divided  into  four  types:  Flat  plate,, 
atmospheric  soild  oxidizer,  pressurized  -oxygen,  and  dynamic  pressurization. 
Each,  is  designed  to  provide  a  specific  function  for  accurate  intensity 
measurement  at  various  specified,  conditions  such  as  with  pressurized  oxygen 
a.  solid  oxidizer.,  or  under  high  pressure.  Consequently,  a  Knowledge  of  a 
chamber  design  is  important  for  an  understanding  of  the  data  presented  in 
section  three. 

TIKE  RECCLVrD  SPECTRA 

The  variation  of  light  intensity  from  chemical  flashes  with  wave¬ 
length,  and  time  can  be  measured  by  the  use  of  the  apparatus  shown  Schemati¬ 
cally  in  Figure  2?  .  A  Bausch  and  :  omb  1 .5  meter  grating  spectrometer 
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serves  to  record  on  film  the  light,  intensity  incident  on  the  entrance  slit 
as  a  function  of  wavelength.  Time  resolution  is  accomplished  by  a  sectored 
wheel  revolving  in  front  of  the  slit.  At  any  particular  time  during  the 
flash  only  a  certain  portion  of  the  slit,  height  is  exposed  to  incident 
radiation,  by  the  sectored  wheel ..  A  sample  sectored  wheel  is  shown  in 
Figure  JC;  this  wheel  has  ten  sectors  -each  cut  at  a  different  radius., 

Eac r.  of  the  sectors,  shown  occupies  18  degrees  of  arc  of  the  wheel .  Thus.,, 
for  example:,  a.  wheel  turning  at  one  revolution  in  10  milliseconds  would 
allow  a  .serie-S  of  two  millisecond,  exposures,  to  be  taken.  Since  the  spectro¬ 
meter  is  stigmatic,  light  from  various  portions  of  the  slit  height  will  be 
recorded,  at  various  corresponding  heights  on  the  film.  To  avoid  the.  possi¬ 
bility  of  light  being  gathered  from  different  portions  pf  the  radiating 
cloud  leading,  to  a  confusion  of  spectral  distribution  of  the  light  with,  a 
time  distribution,,  the  optics  have  been  arranged  so-  that  the  object  image 
at  the  spectrometer  slit  is  enlarged  about  three  and  one-half  times. 

A  DC  light  source-phototrans 1st. or  combination,  is  used  to  measure  the 
time  per  revolution  as,  well  as  acting  as  a  timing  trigger  for  ignition  of 
the  chemicals-When  the  firing  switch,  is  flipped  the  ignition  spark  will  be 
thrown  the  next  time  the  phototransistor  sens.es  the  light  source  through 
a  slot  in  the  sectored  disk,  dome  of  the  light  focused  on  the  spectrometer 
entrance  slit  is  deflected  by  beam  dividers  to  two  calibrated  phototubes 
equipped  with  narrow  band  filters.  The  Output  of  the  phototubes  versus 
time  is  displayed  on  a,  C.R..T.  and  photographed.  Using  the  phototube  out¬ 
put  to  measure  light  intensity  and  a  mlcrophotometer  to  measure  spectral 
film,  darkening  versus  time  and  Uaw length,. ..it  is  possible  to  calibrate  the 
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NOTCH  FOR 
/IGNITION  TIMER, 
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Figure  30  .  Sectored  Wheel 
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film  darkening  with  radiant  intensity  and  hence  brightness  temperature .  By 
careful  duplication  of  the  exposure  time  and  developing  technique,  and  use 
of  the  same  film  emulsion  batch  number,  the  film  can  be  similarly  calibrated 
at  enough  wavelengths  to  allow  one  to  plot  isotherms  directly  on  any  micro- 
photometer  trace  of  spectra  taken  in  the-  same  fashion.  This  seemingly  com¬ 
plicated'  system  for  calibrating  ft'.::  darkening;  versus  radiant  intensity  is 
necessary  because  of  the  .reciprocity  effect  (hp).  The  film  must  be  cali¬ 
brated  using  identical  exposure  times  as  the  exposure  to  be  measured  and 
available  calibration  standards  do  not  have  a  high  enough  radiant  intensity 
to  do  the  Job . 

Time  resolved  spectra  should  allow  the  rapid  determination  of  bright¬ 
ness  temperature  as  a  function  of  wavelength  and  time.,  This  would  be  very 
helpful  in  determining  the  effect  of  various  additives  on  brightness  or  on 
the  light  output-  in  any  narrow  spectral  region  in  the  wavelength  range  of 
the  instrument.  If  nonequilibrium  radiation  can  be  produced,  it  is  much- 
more  likely  to  be  detected  by  use  of  the  spectrometer  than  by  phototubes 
with  narrow  band  filters .  It  is  also  possible  that  the  way  in  which  inten¬ 
sity  is  observed  to  change  with  time  could  reveal  something  about  the  com¬ 
bust  ion  process . 

MONOCHROMATORS 

Measurement  of  light  intensity  in.  a  given  spectral  region  requires 
some  form  of  monochromator  for  selection  of  the  spectral  region.  Several 
types  of  monochromators  have  been  tried  in  an  effort  to  find  a.  simple  yet. 
sensitive  device . 
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One  of  the  first  methods  tried  was  the  use  of  Wratten  filters . 
Wratten  filters  chosen  were  selected  for  narrow  bandwidths  and  high  traas 
mittances  in  the  bandwidth.  However,  even  the  best  Wratten  filters  had 
very  wide  bandwidths  (  i  5'OOA)  Which  produced  anomalous  results  if  the 
system'  under  study  deviated,  greatly  from:  a  blackbody .  Consequently, 
VratTesn  filters  were  scrapped. 

After  further  study  it  was  felt  that  interference  filters;  would,  be. 
the  best,  because  they  offered  the  advantage  of  narrow  bandwidths.  (t  50A) 
and  high  transmittance.  Two  types  of  interference  filters  are  available: 

1.  The  fixed  type  which  is  manufactured  for  a  .specific 
transmittance  region. 

2.  The  wedge  type  which  transmits  a  given,  wavelength  at  a 
specific  region  on  the  filter. 

Each  type  has  found  use  in  the  laboratory .  The  fixed  type  has  been 
used  in  conjunction  with  the  Bausch  and  bomb  spectrograph:  for  calibrating 
the.  intensity  response  of  the  photographic,  films..  For  this  purpose  it  is 
admirably  suited  because  scanning  is  hot  necessary.  Figure29  shows  use 
of  these  filters  on  the  time  resolved  spectra  apparatus. 

The  wedge  type  is  quite  useful  as  a.  quick  scanning  device  for  rough 
plotting  of  intensity  distribution  from  flash  reactions.  It  is  extremely 
compact,  and  may  be  easily  calibrated  because  the  dispersion  i*  linear, 
furthermore,  it  may  be  mounted  permanently  to  a  phototube  pickup  box  to 
construct  a  very  small  spectrophotometer.  Figure  31  shows  the  wedge 
filter  mounted  on  a  phototube  box. 
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Figure  31.  Phototube  Spectrophotometer  Sensor  Unit 
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DETECTORS 

Several  types  of  detectors  are  currently  In  use  in  the  laboratory . 
These  may  be  divided  into  three  categories:  Solid  state ,  photodiode  tube, 
and  photomult ipl ier .  Each,  type  is  being  used  in  its  specific  area  of 
sensitivity. 

The-  solid  state  photocells-  ate  currently  in-  use  i.n  low  sensitivity 
applications  such  as  for  p'llse.  counters  on  the  time  resolved  Spectra  setup. 
However;,  their-  high  sensitivity  in  the  infrared  makes  the  a  .admirably  suited 
for  measurements  in  the  infrared,.  An  infrared  sensor  is  currently  under 
construction  which-  will  utilize  the  solid  state  infrared  detectors-. 

The  photodiode  tubes  have  been  utilized  in  the  visible  range  in  con¬ 
junction  with  the  wedge  interference  filters..  -Maximum  sensitivity  is  at 
5400A. 

The  prime  disadvantage  of  the  photodiode  tubes,  is  that  sensitivity  is 
rather  low  when  used  with  the  wedge  interference  filters;.  Therefore,  the 
minimum  signal  detectable,  above  noise  level  corresponds  to  a  blackbody 
temperature  of  approximately  230C°K. 

For  high  sensitivity  applications  such  as  measurement  of  narrow  line 
(  t  =A.)  intensities  in.  con  junction  with  the  grating  spectrographs,,  photo¬ 
multiplier  tubes  are  used.  These  tubes  offer  the  advantage  of  extremely 
high  sen -itivity,  but  are  subject  to  microphonic  pickup.  For  this  reason, 
the  photo  multiplier  tubes  are  not  in  more  general  use  in  the  laboratory. 

SYSTEM  CALIBRATIOf 

Accurate  measurement  of  absolute  light  intensities  requires  an  accur¬ 
ate  system:  calibration..  Before  a  system  calitraticri  can  be  undertaken,. 
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suitable  Intensity  Standards  must  be  chosen. 

As  a  primary  Standard,  a  tungsten  ribbon  bulb  calibrated  by  the 
National  Bureau  of  standards  was  chosen.  Because  it  vas  necessary  to  pre¬ 
serve  this  standard,  severed  tungsten  ribbon  bulbs  were  calibrated  against 
the  primary  Standard  to  serve  as  expendible  secondary  standards.,  At  the 
time  of  calibration  of  these  secondary  standards-,  an  optical  pyrometer  was 
also  calibrated  for  use  as  a  cross  check  On  the  decay  rates  of  the  secon¬ 
dary  standards.  Thus,  as  the.  secondary  standards  are  used,  they  may  be 
continuously  recalibrated  with,  the  optical  pyrometer.  In  actual  operation., 
however,  recalibration  was  not  necessary  until  the  filament  approached  burn 
out.  It  was  assumed  that  the  pyrometer  calibration  did  not  decay  because 
the  calibration  had  remained  unchanged  during  a  two  year  period  of  use 
prior  to  use  in  the  laser  laboratory.  A  second  calibration  of  the  pyro¬ 
meter  in  the  laser  laboratory  after  six  months  operation  has  confirmed  this 
assumption. 

To  eliminate  random  errors  in  calibration,  the  radiant  intensity  of 
two  secondary  standard  bulbs  was  calculated  at  several  operating  tempera¬ 
tures  by  use:  of  the  tungsten  emlssivity  tables  prepared  by  the  National 
Bureau  of  Standards  and  the  blackbody  radiation  tables.  Cross  check  with 
the  original  calibration  gave  no  significant  errors.,-  therefore,  the  table* 
were  ass  ured  correct  for  the  two  bulbs  in  question. 

Because  random  errors  could  occur  during  system  calibration,  the 
system  vas  cellbrated  at  several  bulb  temperatures  between  2,200°K  and 
3,000®K  to  give  statistically  significant  calibration  curves.  Ifce  actual 
response  curves  were  found  to  be  linear  with  intensity  as  was  originally 
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assumed.  Figure  32  shows  the  normalized  calibration  curves  plotted  for 
coe  of  the  wedge  interference  filters  and  929  phototubes  currently  in  use 
in  the  laboratory .  A  similar  calibration  procedure  was  used  on  all  sensors 
currently  in  Use. 

Calibration  of  film,  response  as  shown  in  Figures  33,  34,  35, 

36 ■,  and  used  in  tne  prating  spectrographs  is  performed  during  each 

shot  by  measuring  the  radiant  Intensity  at  three  or  four  selected  spectral 
regions  with  interference  filters,  plus  929  phototubes.  With,  this  data 
isotherms  may  be  plotted  on  the  microphotometer  readouts  to  assist  in 
determination  of  film  response. 

Brightness  temperatures  found  by  use  of  thf  present  calibration  tech¬ 
niques  are  accurate  to  4  per  cent  below  ~000*K  with  the  error  increasing  to 
4  2  l/2%  at  6000 °K.  Higher  temperatures  will  require  a  higher  temperature, 
standard  source  for  accurate  calibration.. 

BEVELOErENT  ’6F  IGNITION  SYSTEM 

The  ignition  of  metal -oxidizer  mixtures  requires  that  some  of  the 
metal  be  raised  to  its  boiling,  point  before  autoeombus.tion  can  begin;. 

Because  it  was  desired,  to  measure  the  temperature  of  the  chemical  reaction, 
and  not  the  ignition  temperature,,  a  second  requirement,  was  that  the  igni¬ 
tion  energy  must  be  much  less  than  the  available  reaction  energy.  Third, 
sensing  and  recording  equipment  to  be  used  required  synchronization  of 
the  flash  with  the  recording  period.  Therefore,  some  form  of  electrical 
ignition  with  a  very  short  delay  wa3  necessary. 

The  first,  attempts,  at  controlled  ignition  were  performed  with  Pyrofuze 
•triggered  by  a  battery.  Ignition  was  erratic,  often  occurring  several 
seconds  after  the  electrical  impulse.  Furthermore,  rapid  firing,  in 
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%  LIGHT 
TRANSMISSION 
(103-F  FILM):  ; 


X  =  5000  A  200A  HALFWIDTH 


(7  1/2  MIN.  DEV.  lND-19  T  =  66°  F) 
EMULSION  NO.  140142 


A  A  t  +  KCi  04  +  Ba(N03)2  +  Mn02  2/10/64 
□  a£  +  KCi  04  2/12/64 

O  A i  +KC  t  04FBa(N03)2  +  Mn02J  2/18/64 
X  Ai  +Kci  04|Ba(N03)2J  2/18/64 


TEMP  °K  — 
2500  2800  3000  3100 


0.5  1.0  1.5 


PHOTOTUBE  |3400 
VOLTAGE  '  |  I 
OUTPUT  I—'— 
TUBE  NO.  2  I 


Figure  33  .  Percent  Light  Transmission  Through  103F  Film 
Versus  Phototube  No.  2  Output  Voltage 
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Figure  34  .  Pe  rcent  Light  Transmission  Through  1 03  F  Film 
Versus  Phototube  No.  3  Output  Voltage 
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Versus  Phot 


NA-64-608 


NORTH  AMERICAN  AVIATION.  INC  LOS  ANGELES  DIVISION 


Figure  34.  Percent  Light  transmission  Thru  103 -F  Film 
Versus  Phototube  No.  2  Output  Voltage 
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sequence  was  almost  impossible. 

A  second  approach  was  to  use  an  exploding  wife  triggered,  by  a.  high 
voltage  capacitor  discharge .  ignition  occurred  almost  instantaneously, 
hut  again  rapid  firing  Was  almost  impossible.. 

fpaf'k  discharge®  Were  tried  next,  cut  ignition  was  erratic .  apparent.'.; 
la  cause  of  a-  low  current  density..  however.,  rat  id  firing  could  be  easily 
accomplished  if  the  erratic  behavior  could  be  corrected. 

To  increase  current  densities,  a  capacitor  discharge  was  deed.  Jgniw 
tioa  was.  uniform  and  instantaneous  in  all  fixtures  tried.  The  wire  elec¬ 
trodes  used  initially  were  easily  jarred  from:  alignment  and  Were  vaporized, 
vefy'  quickly..  Therefore,  only  two  or  three  firings  could  be-  made  before 
the  electrodes  had  to  be  replaced.. 

To  solve  the  electrode  problem  a.  search  was  made  for:  more'  rigid  elec¬ 
trodes  ,  Automobile  snarl  plugs  proved  suitable.  The. Vase  of  the  ring  was 
illled  with  epoxy  resin  to  provide  a.  flat  surface  for  the  pyrotechnic 

powder. 

Control  of  the  Capaeiv.-r  discharge  circuit  was  first  tried  by  using 


a  tcercwrrj 

t  V.;  ■  r  i*  ron .. 

However,  a 

large  lenr.age  voltage  was  always  present 

ac ro&s  t h 

e  electrodes 

which  c 

Ci-  :r<?  r  ’-etatuye  ignition...  The  thyratron 

Was  rep 

eel  with  a  h 

Igh  Voltage, 

b-avy  duty  double  pole  relay  which  prow 

vided  cot. 

pi cue  isolat 

ion  of  the  •; 

j  cot  rode  s  tint.il  actuation. 

The  final  ignition  circuit  and  its  operating  behavior  is  shown  in 

Figure  38. 
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DESIGH  OF  CHAMBERS 

Chamber  design  is  perhaps  the  most  important  variable  affecting  tem¬ 
perature  measurement  of  pyrotechni  r  flashes  ..  Consequently,  very  careful 
thought  has  been  given  to  the  design  of  special  chambers,  to  insure  accurate 
temperature  '  measurement, 

Cbs 'of  .‘the.  firtt  designs  i -.He  simplest,  it  consists  merely 
of  :a  f'a-t  metcl  ah  Oct  upon  which  i.v»  flash  mixture  is  Ignited-#  in,  general, 
a  hejnisfchericai'  fireball  is  formed.  The,  flat  sr.eet  he sign  provides,  for 
tfinirsal  pressure  and  shack  effects  while  allowing  complete  access  to  the 
flame.  The  prime-  disadvantage  is  that  rapid  cooling  occurs  at  the- outer 
surface  of  the  fireball  which  produces-  a  tone  of  -line  : .  versa!  and  scatter¬ 


ing,  thereby  giving  optical  temperatures  somewhat  lover  than  the  true-  tem¬ 
perature..  A  second  disadvantage-  is.  that  fireball  size  is  uncontrolled  and 
varies  greatly  between  shots. 

To  alleviate  some  of  the-  procure  associated  with,  the  flat  sheet,  the- 
at--ospk.eric  omnidirectional,  -rhamboir  was  designed.  This  design  controls  the 


size-  and  shape-  of  the  fire 5* a!  I  b;  directing  it  upward  through  a  short 
rkvtncy  e.prf.'pod  with  a  ;uC  window  at  its  lose.  'ensure tents  are  made 


near  '.he-  a.:o  of  the  fire!  at!  at  a 


where  the  size  is  relative! 


at  ant  for  each  shot.  The  greatest  a is. advantage  is  that  large  eddy  currents 
ar.  set  in  4  .  apparatus  during  firing  which  circulate  a  large  amount 
of  dust  the  field  of  view.  Thu.;,  scattering  of  emitted  light  becomes 

a,  serious  problem. 

The  final  atmospheric  ctamber  design-  resulted  when  the  omnidirectional 
chamber  was  modified  to  correct  the  scattering  problem. 


An  adapter  was 
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designed  to  f  it  the  amnidl recti one!  chamber  which,  would  highly  collimate 
the'  flame  and  send,  it  through  an  overexpanding,  nozzle  to  bring  the  flame 
to  one  atmosphere  pressure,.  Slight ly  downstream,  a  l/2  inch  window  was 
placed  for  a  view  of  the  center  of  the  flame,  tilth  this  adapter,  eddy 
currents  developed  downstream  from  'he  window,  thus:  correcting  the  smoke 
.teri’g  pr-y  '*>’*.  Tt  •••*  tit,  '  <?  of  a  proximate!;,'  five  per  cent 

A  w  0 1  d>  C  -  *' *  '  «  i«  N  C  ^1*  XI  O  •  ,  '*  C  til  ■  t  'f '  1  it  -  .*  O  i  A  J'O  ,.1[  Jr- S  cou'*d  he  attributed  main!;, 

to.  venations.  in  powder  mixing.  tee  r'igure  3h  for  the  final  design  of  the 
atmospheric  solid,  oxidizer  chamber, 

findies  with  pressurised  oxygen  laced  the.ee  stringent  requirements 
on  chamber  design: 

.*• 

1.  Chain: er  must  te  couelotely  sealed, 

2,  Chamber  must  be-  inert  to  high  rresr.ure  Oxygen, 

3...  Charier  mast  wii  hctnr.d  shook  loading, 

-«  Chaster  must  have  sufficient  volume  to  .prevent  excessive 
pressure  buildup- 

f  ,  Ctrl sr  met  he  eqr.irped  with  a  window  eapahle-  of  with* 
standing  rxxivun;  pressure  of  .chamber,. 

C!::-'  •'  or  -vt  :  o  e.u:'  e.i  vi  :.h  an  ip  si  for  capable  of  with* 
s-. -aiding  Kari&vz  .  or  ;  jr-enure  ,sd  3,. '00  volt  capacitor 
di charge . 

The  fi;:  '  '-sign  ->•  u'r  rcc  'vyger.  chamber  based  on  these 

requirement?,  is  shown  in.  fig- re  40.  '  tier  mo  -erase  -res sure  studies 

were  performed  in.  a  modified  xy-en  v  -d  calorimeter  previously  discussed 
in  Section  III. 
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INTERIOR  VIEW 

Figure  39.  Atmospheric  Chamber 
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A  dynamic  pressurization  chamber  was  des  lgned  to  allow  measurements 
at  extremely  high  pressures  (  >  10**  pst).  Design  criteria  were-: 

1.  Provide  for  'Containment  up  to  105  pal. 

2.  Electrical,  ignition,  of  charge. 

3,.  Transparent  window  for  viewing. 

The  chamber  is  shown  in  Figure  i.p  ,  Operation,  of  this  chamber  hat 
presented  two  ma.'or  difficulties..  First.,  alignment  of  the  optical  system 
with  the  view  port  was  almost  impossible.  Second,  the  window  almost 
invariably  ruptured,  and  the  scattered  frfpnents  presented  a  serious 
personnel  hazard  unless  adequate  shielding  wb;s  used. 

These  two  defects  were  corrected  in  the  construction  of  the  modified 


dynamic  pressurization  chamber  shewn  in  Figure,  42 
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DISASSEMBLED 

Figure  41.  Dynamic  Pressurization  Chamber 
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SUFHJEKEflAKy  TEST  DATA 

The  spectra  presented  on  the  following  pages  have  been  obtained  by 
taking  densitometer  readouts  of  the  spectrographic  films  on  which  the 
original  spectra  were  recorded.  Most  of  these  readouts  have’  isotherms 
laired  in:  as  described  in  Section  III.  Three  brightness  temperatures  vs. 
wavelength  plots  -('Figures  k%  th,  and  bj).  are  included  for  Comparison  with 
the  densitometer  readouts..  These  plots  were  obtained  by  reduction  of 
intensity  measurements  made  with  the  spectrophotometer  device  described 
in  Appendix  I. 

The  majority  of  the  spectra  consist  of  aluminum-potassium  perchlorate 
reactions  containing  various  additives.  A  few  spectra  of  zirconium, 
thorium,  lanthanium,  and  hafnium  powders,  reacted  with  potassium  perchlorate 
are  included  here  because  they  contain  data,  of  interest  to  the  additives 
study.  The  importance  of  these  Spectra  is  discussed  in  Section  III. 
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Figure  45  Brightness  Temperature  Versus  Wavelength  Hf  +  KC|o^  (5-2) 
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Figure  51.  Per  Cent  Ligbt 
Transmission  vp 
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Figure  52.  Per  Cent  Light 
Transmission  vs 
Wavelength 
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’Figure  56.  Per  Cent  Light 
Transmission  vs 
Wavelength 
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Figure  60.  Per  Gent  Light 
Transmission  vs 
Wavelength 


